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ABSTRACT 




The relationship between respiratory muscle fatigue and the function of 
swallowing is examined here. The main objective of this study is to examine the effects 
of respiratory muscle fatigue on swallowing physiology in healthy young adults. 
Specifically, this study aims to determine if differences exist in several swallowing-
related parameters (a. the muscle recruitment pattern of the submentals and infrahyoids 
associated with swallowing, b. the pattern of breathing and swallowing coordination, c. 
the duration of the breath phases associated with swallowing, d. the duration of 
swallowing apnea, and e. the secondary swallow frequency) during several different 
swallowing conditions before, following respiratory muscle fatigue and following 
recovery. 
Fifty-four healthy young adults were randomly assigned into two groups, either an 
inspiratory (MIP) or an expiratory (MEP) muscle fatigue group. Respiratory and 
swallowing measurements were obtained, during 3 experimental conditions: a baseline 
condition, after exercise-induced fatigue, and finally, after a 15min rest period. A loaded 
breathing device was used in order to induce fatigue to the respiratory muscles. Presence 
of fatigue was determined with the assessment of Maximum Expiratory 
(PEmax)/Maximum Inspiratory (PImax) Pressures measured with a mouth pressure 
manometer. Electrophysiologic data were obtained with the use of sEMG on the 
 
submental and infrahyoid muscle groups, and with the use of three respiratory belt 
transducers, placed around the thorax, abdomen and neck. The Borg Scale was used to 
behaviourally assess perceived sense of breathing effort. Descriptive and inferential 
statistics were conducted to allow for detailed analysis of differing measures and 
variances between individuals. 
Results revealed significant differences between the three experimental conditions 
in the muscle recruitment patterns of the submental and infrahyoids, in the pattern of 
breathing and swallowing coordination, in the duration of the swallow-related respiratory 
cycle and in the frequency of secondary swallows. The duration of the deglutitive apnea 
was not affected by the presence of respiratory muscle fatigue. In particular, the sEMG 
Integral of the infahyoids was significantly reduced during the fatigued condition 
compared to the baseline and post-rest conditions, as opposed to an increase in sEMG 
integral of the submental muscles observed only in the MEP subject group. Additionally, 
the occurrence of swallows followed by inspiration was significantly increased during the 
fatigued condition. Secondary swallow frequency was significantly increased during the 
fatigued condition. 
These results suggest an effect of respiratory muscle fatigue on selective 
swallowing related parameters. These results are of great clinical importance since the 
observed patterns may increase the risk of aspiration. Results will be discussed with 
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INTRODUCTION AND REVIEW OF THE LITERATURE 
 
 Respiration and swallowing are two functions essential for sustaining life. These 
two functions interact, in the sense that respiratory disease may cause swallowing 
problems, as seen in dysphagic patients presenting with respiratory disease, and 
swallowing problems can result in respiratory problems, as in the case of aspiration 
pneumonia. This connection is not surprising, since breathing and swallowing have a 
partially shared anatomy (oral cavity and pharynx). Since part of the anatomy is shared, 
the two functions cannot occur simultaneously but need to coordinate. This coordination 
of breathing and swallowing has been the subject of investigation of previous research 
studies which revealed that the coordination patterns observed in healthy adults are not 
random and are controlled centrally (Martin-Harris & McFarland, 2013).  
Furthermore, previous research has shown that patients with respiratory disease 
and respiratory problems, such as Chronic Obstructive Pulmonary Disease (COPD) and 
neuromuscular diseases affecting the respiratory muscles, often develop dysphagia. 
Given the anatomical and neurological proximity of the two functions, this is not a 
surprising finding. Parameters such as cough urge and cough strength, laryngeal 
sensation, and breathing and swallowing coordination may be altered in the presence of 
respiratory disease. Indeed, one of the primary etiologies that have been hypothesized to 
contribute to these problems, is fatigue of the respiratory muscles.  
Respiratory muscle fatigue is a common finding in many respiratory and 
neuromuscular diseases, either because of pre-existing muscle weakness or due to the 
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increased load and increased work of breathing. At the same time, respiratory muscle 
fatigue is a common finding in several patients who also present with dysphagia. Patients 
with Parkinson’s disease, Amyotrophic Lateral Sclerosis (ALS), Multiple Sclerosis (MS), 
Myasthenia Gravis (MG), patients that have suffered respiratoty failure, patients weaning 
from ventilators, are all such examples. Patients suspected with respiratory muscle 
fatigue  traditionally participate in respiratory muscle rehabilitative programs. More 
recently, such programs have been used also by Speech-Language Pathologists (SLPs) to 
improve strength of the speaking apparatus, and subsequently voice and speech, with the 
Expiratory Muscle Strength Training (EMST) the most well-known among them. In fact, 
rehabilitative programs for the expiratory muscles have been shown to positively affect 
swallowing, as well (Laciuga, Rosenbek, Davenport & Sapienza, 2014).  
Although respiratory muscle fatigue has been suggested to affect swallowing, and 
despite the fact that several respiratory muscle strengthening programs are being used by 
SLPs to strengthen the muscles, the exact relationship between respiratory muscle fatigue 
and swallowing remains unclear. No previous research studies have shown a cause and 
effect relationship between fatigue of the respiratory muscles and swallowing. 
Additionally, it is not clear which parameters related to swallowing physiology are 








A. Theoretical/ Conceptual Framework/Literature Review 
1.1 Background information 
1.1.1 Definitions and Terminology 
Fatigue is a common phenomenon, a phenomenon everyone is familiar with. 
However, despite the fact that everyone has experienced fatigue, fatigue is difficult to 
define, difficult to determine, difficult to observe, difficult to study. Several forms of 
fatigue exist, such as physical fatigue, mental fatigue, vocal fatigue. In fact, depending on 
the context the term is used in, fatigue is not solely a human phenomenon. For example, 
the term fatigue is used in engineering to refer to the weakening or failure of a material, 
as in the case of metal fatigue seen in the aluminium on airplanes (Carter, 2014).  
Muscle fatigue has been defined as “a condition in which there is a loss in the 
capacity for developing force and/or velocity of a muscle, resulting from muscle activity 
under load and which is reversible by rest.” (NHLBI Workshop, 1990, p. 474). Therefore 
muscle fatigue should be distinguished from muscle weakness which is not reversible by 
rest.  
Muscle weakness is a condition in which the ability of a rested muscle to generate 
force is diminished (NHLBI Workshop, 1990). This condition is not reversible by rest. 
Muscle weakness predisposes the muscles to fatigue easily. On the other hand, fixed 
muscle weakness may be the result of the same process that gives rise to fatigue when it 
becomes profound (Carter, 2014). Muscle fatigue should also be distinguished from 
muscle injury, a condition in which muscle contractility is reduced, and which can be 




Resistance to fatigue is called endurance. Spesifically, muscle endurance is a 
muscle’s ability to sustain a specific load over time (ATS/ ERS Statement on Respiratory 
Muscle Testing, 2002). In the case of the respiratory muscles, endurance is called their 
ability to sustain the inspiratory load over time without the onset of fatigue 
(Vassilakopoulos, 2012). Muscle endurance is determined by the balance between the 
supply of energy and the energy demand (Vassilakopoulos, 2012). 
 
1.1.2 Deglutition and Dysphagia 
Deglutition is a highly intricate process, which entails the transport of a liquid or a 
solid bolus from the oral cavity to the gastrointestinal tract. Successful swallowing 
requires the fine coordination of several systems and complex sensorimotor integration, 
and thus employs an extensive neuronal network involving brain stem, cortical and 
subcortical structures (Ertekin & Aydogdu, 2003; Jean, 2001; Leopold & Daniels, 2009). 
As expected, a fine coordination between the various functions of the central and 
peripheral nervous system is essential, with critical information exchange between many 
brain regions, cranial and spinal nerves resulting in several muscle firings. 
There are two basic types of swallowing: the reflexive saliva swallowing, 
controlled by the autonomic nervous system, which occurs continuously without any 
conscious effort, even during sleep or under general anesthesia, and volitional 
swallowing. Volitional swallowing can be further subdivided in nutritive swallowing, 
which entails food transport, and non-nutritive swallowing, which is the voluntary 
swallowing of saliva (sometimes referred to as ‘dry swallow’). Swallowing has been 
described in the past as a ‘semi vegetative function’ (Martin, Goodyear, Gati & Menon, 
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2001) because there is always a component that can’t be under volitional control, even in 
the case of volitional swallow. In particular, when the bolus head passes any point 
between the anterior faucial arches and the point where the tongue base crosses the lower 
rim of the mandible resulting in the triggering of the swallow reflex, the swallow is no 
longer under volitional control (Logemann, 1998).  
For studying purposes, the swallowing event is typically described in three 
phases, a) the oral phase, b) the pharyngeal phase and c) the esophageal phase. The oral 
phase is further divided into the i) oral preparatory phase, when food is processed in the 
mouth, and ii) the oral transport phase during which the tongue propels the bolus 
posteriorly until the trigger of the swallow reflex. The pharyngeal and esophageal phases 
are not under volitional control. 
Deglutition begins with the sense of thirst or hunger. The desire to eat or drink is 
the first essential step for swallowing readiness. Activities such as the smell of food, the 
sense of stomach emptiness or an imbalance of the electrolytes send signals to the brain 
about the need to eat or drink. The brain responds by preparing the oropharyngeal system 
for the upcoming food consumption. Even the view of food is enough to activate the 
salivary glands to secrete saliva. The oral preparatory phase begins with sensory 
recognition of food approaching and being placed in the oral cavity, followed by 
initiation of oral preparatory movements (Logemann, 1998). These movements vary 
depending on the type, volume and consistency of the bolus. Once food or liquid is 
placed in the mouth, the lips seal to ensure adequate anterior containment of the bolus in 
the oral cavity. Subsequently, the oral structures, with the tongue playing the principal 
role, manipulate the food and form a cohesive bolus that can be swallowed safely. The 
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airway is open during the oral preparatory phase of swallowing and nasal breathing 
continues normally. When the bolus has been formed and the tongue begins moving it 
posteriorly, the oral transport phase begins. The duration of this stage is approximately 1 
to 1.5 seconds (Logemann, 1998). When the head of the bolus passes any point between 
the anterior faucial arches and the point where the base of the tongue crosses the lower 
rim of the mandible, the swallowing reflex is triggered (Logemann, 1998). This event 
signifies the end of the oral stage of the swallow and the beginning of the pharyngeal 
phase. 
A number of critical events occur during the pharyngeal stage of swallowing 
(Cichero & Murdoch, 2006; Leonard & Kendall, 2008; Logemann, 1998). The 
velopharyngeal port must seal completely in order to prevent the bolus from entering the 
nasopharynx and nasal cavity. In addition, the hyoid bone moves anteriorly and elevates 
causing the larynx to elevate and move forward as well. The larynx closes from bottom to 
top and the epiglottis tilts and covers the top of the larynx. The elevation and anterior 
movement of the hyolaryngeal complex causes the cricopharyngeal sphincter to open so 
that the bolus can enter the esophagus. Peristaltic movements of the pharyngeal 
constrictors move the bolus from the pharynx into the esophagus. When the bolus passes 
the upper esophageal sphincter and enters the esophagus the esophageal phase of 
swallowing begins, which terminates when the bolus enters the stomach. 
Any difficulty in the eating process, including the food transport from mouth to 
stomach, as well as the behavioral, sensory, preliminary motor acts in preparation for the 
swallow, such as cognitive awareness of the upcoming eating situation, visual recognition 
of food, and all of the physiologic responses to the smell and presence of food, may 
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disrupt and have detrimental effects in the act of deglutition and can be included in the 
definition of dysphagia (Logemann, 1998; Leopold & Kagel, 1996). 
 
Figures 1 and 2. Structures relevant to swallowing. a) the digestive system and b) critical head 
and neck areas 
                  
a)                                                                    b) 
 
Retrieved on 5/8/2013 from:  
a)  http://commons.wikimedia.org/wiki/File:Digestive_system_diagram_edit.svg and b) 
http://commons.wikimedia.org/wiki/File:Gray994.png (Gray H., 1918: Anatomy of the Human Body, 20
th
 
ed, edited by Warren W.H., Philadelphia: Lea & Febiger. 
 
1.1.3 Neural Control of Swallowing 
For a long time, swallowing was thought to be a reflex controlled only by the 
brainstem, however it is currently well-known that swallowing is a complex behavior that 
requires fine neuromotor coordination. Swallowing is a process controlled through a 
complex neuronal network that involves both volitional and reflexive components (Shaw 
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& Martino, 2013). This network involves cortical and subcortical areas, the brainstem 
and the peripheral nervous system (Ertekin & Aydogdu, 2003; Jean, 2001; Leopold & 
Daniels, 2009; Shaw & Martino, 2013). 
The brainstem is an area of extreme significance for swallowing. It houses the 
swallowing Central Pattern Generators (CPGs), which are neuronal pools responsible for 
the generation and control of each swallow. A distinct CPG within the brainstem is 
believed to be responsible for the generation of each one of the different swallowing 
phases (Bautista, Sun & Pilowsky, 2014). The main swallow CPG, which is thought to be 
responsible for the generation and control of the pharyngeal phase of the swallow, is 
housed within the medulla oblongata, which has been observed to be active during both 
the pharyngeal and esophageal phases of the swallow (Shaw & Martino, 2013). This 
swallow CPG is comprissed of tightly synchronized hemi-CPGs on both sides of the 
medulla, with each hemi-CPG consisting of two main areas, the dorsal (DSG) and ventral 
(VSG) swallowing groups (Bautista, Sun & Pilowsky, 2014). 
The dorsal swallowing group (DSG) is located in the area of the nucleus tractus 
solitarius (NTS) and the reticular formation and it is considered the area that initiates the 
pharyngeal phase of swallow (Bautista, Sun & Pilowsky, 2014). This area accepts 
sensory signals from the oropharyngeal area via the glosopharyngeal (CN IX) and vagus 
(CN X) cranial nerves, which trigger interneurons located in the DSG, which 
subsequently sends motor signals to the neighboring VSG (Shaw & Martino, 2013). The 
VSG then passes these signals to motor nuclei which trigger the swallowing muscles 
(Shaw & Martino, 2013). Therefore, the DSG is responsible for the initial generation of 
the pharyngeal swallow and the subsequent transfer of the swallow command to the VSG, 
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whereas the VSG is responsible for distributing this command to the swallow-related 
motor nuclei (Bautista, Sun & Pilowsky, 2014). 
The DSG directly receives inputs from the superior laryngeal nerve and 
glossopharyngeal nerve sensory afferent neurons which end in nucleus tractus solitaries 
neurons (Bautista, Sun & Pilowsky, 2014). Many of these neurons belong to the dorsal 
group of the respiratory pattern generator. In fact, superior laryngeal nerve stimulation 
can produce many other upper airway behaviors, such as the laryngeal adduction reflex, 
the expiration reflex and the cough, so the NTS circuitry is believed to be responsible for 
both deciding which is the appropriate behavior to be generated and for generating the 
command for that behavior (Bautista, Sun & Pilowsky, 2014). 
The ventral swallowing group (VSG) is located within the ventral reticular 
formation, dorsomedial to the nucleus ambiguus (NA). It is not responsible for the 
generation of the swallow command, but it is responsible for ensuring that every muscle 
responsible for the swallow will be recruited in a timely, coordinated and sequenced 
manner (Bautista, Sun & Pilowsky, 2014). 
Since some upper airway structures have a role both in respiration and 
swallowing, a careful central coordination of these behaviors is important. In fact, several 
neurons in the nucleus tractus solitarius and nucleus ambiguus belong both to the 
swallow and the respiratory CPGs, as described later in this chapter. However, the way in 
which our brain coordinates respiration and swallow remains largely unknown and only 
recently theories have been proposed of swallow-related changes in breathing (Bautista, 
Sun & Pilowsky, 2014; Bolser, Gestreau, Morris, Davenport & Pitts, 2013; Davenport, 
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Bolser & Morris, 2011; Jean, 2001; Troche, Brandimore, Godoy & Wheeler-Hegland, 
2014).  
According to one theory, since swallowing is an induced behavior and breathing 
an automatic rhythmic behavior, the respiratory motor pattern is reconfigurated by the 
swallow CPG in order to inhibit inspiration, generate a swallow apnea and then generate 
the motor patterns of the swallow (Davenport, Bolser & Morris, 2011).  This “swallow 
remodeling of the respiratory pattern” (Davenport, Bolser & Morris, 2011, p. 1) is 
accomplished through a behavioral control assembly (BCA) system that allows for 
precise coordination of these behaviors.  
Additionally, Bautista, Sun and Pilowsky (2014) proposed that additional regions, 
other than the known swallow and respiratory CPGs, such as the gigantocellularis 
reticularis (RNG) and the dorsolateral pons, might be engaged in order to accomplish 
synchronization of their outputs. In fact, there is research suggesting modulation of 
swallow initiation at the DSG by the dorsolateral pontine respiratory groups (Bautista &  
Dutschmann, 2014; Bautista, Sun & Pilowsky, 2014). 
Bautista, Sun and Pilowsky (2014) proposed that for a safe swallow the following 
three parameters are required: a) a neuronal network dedicated to the production of the 
sequential contractions of the swallowing muscles (the swallow CPG), b) a mechanism 
that reconfigures the respiratory CPG for swallowing purposes, and c) additional areas 
that have the potential to synchronize and modulate the other two networks.  In this case, 
the second network of this model is consistent with the BCA proposed by Davenport, 
Bolser and Morris (2011). Similar networks that allow for the coordination between 
cough, swallow and respiration have been proposed (Bolser, Gestreau, Morris, Davenport 
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& Pitts, 2013; Pitts, Morris, Lindsey, Davenport, Poliacek & Bolser, 2012; Troche, 
Brandimore, Godoy & Wheeler-Hegland, 2014). 
 
1.1.4 The suprahyoid and infrahyoid muscles 
An extremely intricate network of muscles in the head and neck areas must 
coordinate in order to successfully swallow. More than 25 pairs of muscles in the face, 
mouth, pharynx, larynx and esophagus work in a coordinated sequence of activation and 
inhibition (Leonard and Kendall, 2008). Of particular interest are the suprahyoid and 
infrahyoid muscle groups which are involved in the oral initiation and pharyngeal stages 
of swallowing. These muscles are involved in actions critical for airway protection during 
swallowing. 
The submental muscle group, also known as suprahyoids, is located superior to 
the hyoid bone and includes 4 main muscles, the digastric, the stylohyoid, the mylohyoid 
and the geniohyoid, all covered by the platysma. The digastric muscle elevates and 
steadies the hyoid bone during swallowing, and works together with the infrahyoids to 
depress the mandible. The stylohyoid elevates and retracts the hyoid bone, and elevates 
the base of tongue. The mylohyoid depresses the mandible, elevates the tongue, the floor 
of mouth and the hyoid bone during swallowing. The geniohyoid draws the hyoid bone 
forward and depresses the mandible when the hyoid bone is in a fixed position. In this 
way it shortens the floor of mouth and widens the pharynx (Moore, Dalley & Agur, 
2014).  
The infrahyoids are a group of muscles located inferior to the hyoid bone. They 
include the sternohyoid, the sternothyroid, the thyrohyoid and the omohyoid. The 
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sternothyroid depresses the hyoid bone and larynx. The sternohyoid depresses the hyoid 
bone after the elevation during swallowing. The thyrohyoid depresses the hyoid bone and 
elevates the larynx. The omohyoid muscle depresses, retracts and stabilizes the hyoid 
bone (Moore, Dalley & Agur, 2014).  
The elevation and anterior movement of the hyoid bone, followed by the 
laryngeal elevation are biomechanical events that prevent the food from entering the 
larynx and allow the food to pass into the esophagus by relaxing the upper esophageal 


















Figure 3.   Lateral view of the key muscles of the head and neck used in swallowing (Bosma JF, 
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Figure 4.   Coronal section of the tongue and submental region (Bosma JF, Donner MW, Tanaka E 
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Figures 5 and 6.  a) The suprahyoid muscles and b) the infrahyoid muscles 
Retrieved from http://upload.wikimedia.org/wikipedia/commons/5/58/Suprahyoid_muscles.png and 











Table 1. The suprahyoid and infrahyoid muscles  
(Adapted from Moore, Dalley & Agur [2014]: Clinically Oriented Anatomy, 7
th
 ed., Lippincott Williams 
and Wilkins, Baltimore, MD and Kendall, McCreary, Provance et al. [2005]: Muscles, Testing and 
Function with Posture and Pain, 5
th
 ed., Lippincott Williams and Wilkins, Baltimore, MD) 
 
Muscle Innervation Main Action 
Suprahyoid Muscles 
Geniohyoid CN XII Draws hyoid bone forward 
and depresses mandible, 
shortens floor of mouth and 
widens pharynx 
Mylohyoid CN V (mandibular branch) Elevates hyoid, floor of mouth 
and tongue, depresses 
mandible 
Stylohyoid CN VII (parotid branch) Elevates and pulls hyoid 
posteriorly which results in 
elongation of floor of mouth 
Digastric (anterior and 
posterior belly) 
Anterior belly- CN V 
(mylohyoid nerve, a branch of 
the inferior alveolar nerve 
which is a branch of the 
mandibular division) 
Posterior belly- CN VII 
(digastric branch) 
Depresses mandible against 
resistance with the infrahyoid 
muscles, elevates and steadies 
hyoid 
Infrahyoid Muscles 
Sternohyoid Ansa cervicalis branch of 
cervical plexus 
Depresses hyoid 
Sternothyroid Depresses thyroid cartilage 
and thus draws larynx 
downward 
Omohyoid Depresses, retracts and 
steadies hyoid 
Thyrohyoid CN XII (C1) Depresses the hyoid, elevates 
thyroid cartilage thus elevating 
larynx 
 
1.1.4a The use of electromyography (EMG) to study the suprahyoid and infrahyoid 
muscles 
EMG, both intramuscular and surface, has been used frequently in the swallowing 
literature.  sEMG in particular, serves 3 main roles: a) to capture swallows by identifying 
muscle activity during swallowing b) as a biofeedback method in swallowing therapy, 
and finally, c) in order to calculate swallowing-related parameters, such as onset or 
duration of muscle activity. The majority of the published articles that used sEMG 
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targeted the submental muscles. This group of muscles plays a critical role in swallowing 
with its involvement in airway protection, making it an ideal potential target for research 
studies. 
sEMG signal from the submental muscles is obtained by electrodes, usually two,  
placed on the submental region, the area of the neck right beneath the mandible. These 
electrodes measure electric activity produced by a group of muscles and not individual 
muscles. For this reason, it has been stated in the past that sEMG of the suprahyoids lacks 
muscle specificity, especially when compared to intramuscular EMG. Although it is not 
possible to attribute this combined signal to individual muscles, previous studies have 
shown that it correlates well with certain biomechanical events, such as hyoid elevation. 
Given sEMG’s advantages of noninvasiveness and ease of use in various settings, it is 
often preferred to intramuscular EMG. In fact, the two techniques, although comparable, 
provide us with different information. sEMG represents total muscle activity from a 
group of muscles during swallowing, firing at the same time. On the other hand, 
intramuscular EMG records muscle activity during swallowing from a single muscle. 
Subsequently, when total muscle activity during swallowing is of interest, sEMG is the 
most appropriate technique. If single muscle involvement during swallowing is of 
interest, sEMG cannot provide this information.  
One of the first ever EMG studies of swallowing was conducted by Doty and 
Bosma (1956). They studied patterns of muscle activation during swallowing with the use 
of the intramuscular technique in a variety of animal models (anesthetized monkeys, cats 
and dogs) and suggested that the pattern of muscle activation associated with swallowing 
is organized and consistent. 
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Spiro, Rendell & Gay (1994) studied the activation and coordination patterns of 
three of the suprahyoid muscles, mylohyoid, geniohyoid and anterior belly of the 
digastrics. In particular, the employed intramuscular EMG to examine the suprahyoid 
muscles role in elevating the larynx during swallowing. They additionally recorded 
muscle activity from vocalis and lateral cricoarytenoid and the anterior genioglossus. 
They found great inter-subject variability in the way that submental muscles were used, 
however, laryngeal elevation was always and systematically preceded by the activation of 
at least one of the submental muscles 
In a subsequent study, Perlman, Palmer, McCulloch & Vandaele (1999) examined 
the duration and timing of activation of the following muscles: submentals, superior 
pharyngeal constrictor, cricopharyngeus, thyroarytenoid, and interarytenoid. Activity 
from the submentals was recorded with the use of sEMG; bipolar hooked-wire electrodes 
were inserted in the remaining muscles. Their results indicated a high level of intrasubject 
agreement, despite some degree of population variance. Activity duration from the 
submentals and interarytenoid muscles was volume-dependent with duration of 
submental muscle activity being longer for saliva swallows. 
Palmer, Luschei, Jaffe & McCulloch (1999) employed simultaneous sEMG and 
intramuscular EMG to look at the individual muscles that contribute to the sEMG signal 
recorded from the submental region during swallowing. Their results indicated that the 
primary contributors were the mylohyoid, the geniohyoid and the anterior belly of 
digastrics, while contributions from the platysma and genioglossus were minimal. It is 
therefore safe to assume that the sEMG signal recorded from the submental region truly 
represents activity of the submental muscles as a group. 
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Several other studies looked at the effects of various sensory stimuli on 
swallowing. Sensory stimulation has been used for many years as a treatment modality in 
swallowing interventions. One of the most common compensatory strategies used with 
dysphagic patients with sensory difficulties includes sensory enhancement of the 
introduced boluses. The variables most often manipulated include temperature, taste, 
viscosity, volume and carbonation. The increased sensory input is believed to alert the 
subject more about the act of swallowing, and to lower the threshold required for the 
swallow reflex triggering, thus resulting in physiologic differences in swallowing.  
Many researchers reported that this type of intervention results in an improved 
swallow, characterized by a more timely trigger of swallow reflex and a shorter duration 
of the pharyngeal stage. Below will be presented some of the studies that tried to explain 
these changes that occur in swallowing physiology as a result of sensory enhancement 
with the use of EMG 
Ding, Logemann, Larson & Rademaker (2003) found taste and consistency effects 
on swallow timing and muscle contraction. The experiment included three taste 
conditions, sweet, salty, sour, and two consistencies, liquid and cottage cheese. Higher 
EMG levels and shorter activation time were found for taste conditions compared to no-
taste conditions. Thicker consistencies resulted in increased amplitude and duration and 
earlier submental and infrahyoid muscle activation was found when taste and texture 
were combined. Finally, an interaction of taste, consistency and age was also noted for 
onset time. 
The effects on swallowing-respiratory coordination, duration of oral bolus 
preparation and submental muscle contraction were investigated in healthy, young 
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females (Leow, Huckabee, Sharma & Tooley, 2007). Taste effects were found for oral 
preparation time, submental sEMG amplitude and duration, but not for swallow-
respiratory coordination. Additionally, earlier submental muscle activation time and 
stronger muscle contraction was found for the sour bolus when compared to water with 
the use of intramuscular EMG (Palmer, McCulloch, Jaffe and Neel , 2005). 
Malatra (2011) examined the physiological effects of sensory-enhanced boluses 
(water, sour water, cold water, carbonated water) on swallowing, as evidenced by 
electrical activity of submental and infrahyoid muscle groups during discrete swallows of 
thin liquids. The results in the case of the submental muscle region indicated a decrease 
in swallowing duration for carbonated liquids, followed by sour liquids and an increase in 
muscle activity, with greater activity found for carbonation. Cold water did not produce 
significant differences. No significant differences were found in the case of infrahyoids 
for any of the measures of interest. 
 
1.1.5 Breathing and Respiration 
1.1.5a  The muscles of respiration and the upper airway muscles during breathing 
Many muscles are involved in the act of respiration and assist with successful 
breathing by changing the dimensions and pressure of the thorax and airway. Respiratory 
muscles can be categorized in two broad groups, a) the respiratory pump muscles and b) 
the airway muscles. 
The respiratory pump muscles are the muscles that actively participate in either 
inspiration or expiration. They are skeletal muscles and they serve to move air either into 
or out of the lungs (Sieck & Gransee, 2012). With their actions they cause a decrease in 
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thoracic pressure during inspiration or an increase during expiration. They are 
categorized as inspiratory or expiratory muscles and they are further divided into primary 
muscles of respiration and accessory muscles of respiration. The accessory respiratory 
muscles are relatively inactive during resting breathing, but they are recruited under 
conditions of excessive inspiratory and expiratory efforts (Sieck & Gransee, 2012). 
The major muscle involved in inspiration is the diaphragm. The diaphragm is a 
large, thin,  double dome-shaped flat sheet of muscle. It originates from the entire 
thoracic cavity circumference and inserts into the circumference of a central tendon. This 
tendon, which is the centermost part of the structure, consists of non-elastic tissue. The 
diaphragm is the structure that divides the thoracic and abdominal compartments. When 
the muscle contracts, the abdominal contents move downward and forward and the 
vertical dimension of the thoracic cavity increases. This creates negative thoracic and 
intrathoracic pressure which makes the lungs inflate with air. When the diaphragm 
relaxes, a marked decrease in transdiaphragmatic pressure difference occurs, forcing the 
air to move out of the lungs. The diaphragm is innervated by the phrenic nerves. The 
diaphragm muscle also plays a role in deglutition. The esophagus passes through the left 
side of the muscle, and by contraction of the left region, the diaphragm acts as a sphincter 
during inspiration. This is very important in order to keep gastric contents in the stomach, 
since the increase in transdiaphragmatic pressure during inspiration would otherwise push 
them into the esophagus (Sieck & Gransee, 2012). 
Another set of muscles involved in inspiration is the external intercostals. These 
are 11 pairs of muscles that run infero-anteriorly from the rib above to the rib below 
(Moore, Dalley & Agur, 2014). This set of muscles links the ribs to one another. With 
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contraction, immediate elevation of the rib right below the contracted muscle occurs, as 
well as elevation of other ribs below that rib through the muscular connection (Hixon & 
Hoit, 2005). The external intercostal muscles can move individually, as well as a single 
unit. When the ribs elevate, expanding the thoracic cavity, the intrathoracic and 
intrapleural pressures decrease, forcing air to flow inwards, inflating the lungs (Sieck & 
Gransee, 2012). 
The internal intercostal muscles are also 11 pairs of muscles that lie underneath 
the external intercostals. With their actions they decrease the thoracic volume by pulling 
the ribs downward and inward (West, 2012). The decrease in the dimensions of the 
thorax increases the intrathoracic and pleural pressures causing the lungs to deflate. The 
internal intercostals assist active expiration in conditions such as exercise and voluntary 
hyperventilation. 
The innermost intercostal muscles are the deepest layer of the internal intercostal 
muscles and consist of the transversus thoracis (or triangularis sterni) and the 
subcostalis muscle (Sieck & Gransee, 2012). They are separated from the internal 
intercostal muscles by the neurovascular bundle. Although inactive during resting 
breathing, contraction of the transversus thoracis in humans aids with forceful expiratory 
efforts such as coughing, laughing and speech, but the effects on the lung and chest wall 
are small compared to those of the internal intercostal muscles (de Troyer, 2005). 
Similarly, the subcostalis muscles play no role in resting breathing, but assist with 
forceful expiratory efforts in conjunction with the tansversus thoracis and lateral internal 
intercostals (Sieck & Gransee, 2012). 
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The scalenes are a group of three muscles located on the side of the neck and 
include the scalenus anterior, the scalenus medius and scalenus posterior (Hixon & Hoit, 
2005). They run from the transverse processes of the lower five cervical vertebrae to the 
upper surfaces of the first two ribs (de Troyer, 2005; Vassilakopoulos, 2012) 
Traditionally, the scalene muscles were regarded as accessory respiratory muscles, 
however it is a current common belief that they are primary muscles of inspiration (de 
Troyer, 2005; Roussos, 1985; Vassilakopoulos, 2012). It has currently been established 
that healthy subjects in a seated position must contract the scalenes in order to breathe, 
even when the required inspiratory effort is decreased by reducing tidal volume 
(Vassilakopoulos, 2012). Contraction of the scalene muscle fibers results in elevation of 
the upper ribs, thus increasing the anteroposterior diameter of the upper rib cage 
(Vassilakopoulos, 2012). In particular, when the scalenus anterior and scalenus medius 
contract the first rib elevates, whereas contraction of the scalenus posterior causes 
elevation of the second rib (Hixon & Hoit, 2005; Sieck & Gransee, 2012). 
The abdominals are the primary muscles of expiration. They act in conjunction 
with other expiratory muscles. Although expiration is a passive process, there are 
instances when it becomes active as a result of increased abdominal or intrathoracic 
pressure. The increase in abdominal pressure is the result of contraction of the abdominal 
muscles. There are four abdominal muscles with significant respiratory activity, the 
rectus abdominus, the external oblique, the internal oblique and the transversus 
abdominus muscle (Sieck & Gransee, 2012). Innervation is through the lower six thoracic 
nerves and the first lumbar nerve (Vassilakopoulos, 2012). When the abdominal muscles 
contract, they pull the abdominal wall inward, which results in an increase in 
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intraabdominal pressure. This pressure increase forces the diaphragm to move into the 
thoracic cavity, thus increasing the pleural pressure and decreasing lung volume 
(Vassilakopoulos, 2012). The abdominal muscles contract in instances such as cough, 
sneeze, exercise. 
Several other muscles are categorized as accessory respiratory muscles. These 
muscles aid respiration by stabilizing and stiffening the chest wall, thus enhancing the 
intrathoracic pressure effect (Sieck & Gransee, 2012). These muscles include the 
sternocleidomastoid, the pectoralis major and minus, the triangularis sterni, the latissimus 
dorsii, the serratus anterior, posterior, superior and inferior, the levator costarum muscles, 
the erector spinae, the quadratus lamborum, the iliocostalis lumborum and the upper 
trapezius (Sieck & Gransee, 2012). Of all these muscles, only the sternocleidomastoid 
muscles have been thoroughly studied. The sternocleidomastoids descend from the 
mastoid process to the ventral surface of the manubrium sterni and the medial third of the 
clavicle (de Troyer, 2005; Roussos, 1985; Vassilakopoulos, 2012). They are innervated 
by the accessory nerve. Contraction of these muscles results in sternum and clavicle 
elevation. The force generated, is transmitted indirectly to the ribs, which results in 
subsequent rib elevation (Hixon & Hoit, 2005). Overall, all accessory muscles are usually 
recruited only when the ventilatory needs are increased, such as in exercise or in 
pathologic conditions (e.g. Obstructive Sleep Apnea, Chronic Obstructive Pulmonary 
Disease) and they are relatively inactive during resting breathing.  
In addition to the respiratory pump muscles mentioned above, the airway muscles 
also contribute to successful ventilation. These muscles are important for maintaining 
airway patency. They actively regulate the airway diameter, thus decreasing resistance to 
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airflow during breathing (Sieck & Gransee, 2012). Upper airway skeletal muscle and 
laryngeal muscle activation patterns must coordinate with the activation patterns of the 
respiratory pump muscles in order to optimize airflow into and out of the lungs. Control 
of the airway patency indirectly prevents aspiration of foreign materials into the lungs, 
since it matches ventilation of the alveoli to their perfusion (Sieck & Gransee, 2012). The 
airways are divided into four major parts: a) the upper airways (nasal cavities, oral cavity, 
nasopharynx and oropharynx), b) the larynx and laryngeal inlet, c) the middle airways 
(trachea, primary and proximal bronchi) and d) the lung airways (distal bronchi, 
bronchioles, alveolar ducts) (Sieck & Gransee, 2012). 
One of the main upper airway muscles with respiratory role is the dilator naris, 
located in the nostrils, which flares the nares, thereby opening them in order for the air to 
pass into the nasal cavity (Sieck & Gransee, 2012). Additionally, the muscles of 
mastication (lateral pterygoid, medial pterygoid, temporalis and masseter), which control 
opening and closing of the jaw are also important in order to allow air to pass through the 
mouth and in order to close the jaw and keep the air inside the oral cavity. The 
orbicularis oris, which surrounds the mouth, serves as a sphincter in order to close the 
mouth and pucker the lips thus keeping the air inside the oral cavity.  
Many muscles must contract in order to maintain airway patency. Some of these 
muscles are categorized as dilators (abductors) and some as constrictors (adductors) 
(Sieck & Gransee, 2012). One of the most important muscles for maintaining patency of 
the upper airways and the main dilator of the pharynx is the genioglossus. The 
genioglossus moves the tongue forward and as a result, the space between the base of the 
tongue and the pharyngeal wall widens. This event is of extreme importance for 
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respiration, because it prevents the tongue from relapsing onto the pharynx and 
collapsing the airway (Sieck & Gransee, 2012). In Obstructive Sleep Apnea (OSA), this 
muscle does not function properly during sleep and it obstructs the air passage through 
the pharynx. The genioglossus muscle is the largest extrinsic muscle of the tongue. For 
successful breathing and in order to prevent pharyngeal airway obstuction, it is important 
for this muscle to coordinate its activity with the activation of the respiratory pump 
muscles during inspiration. 
Additionally, some palatal muscles, such as the tensor and levator veli palatini, 
and the palatoglossus and palatopharyngeus muscles assist with dilation of the 
oropharynx during inspiration (Kimoff, 2005). Furthermore, the inferior pharyngeal 
constrictor acts like a sphincter, preventing air to enter the esophagus during inspiration 
(Sieck & Gransee, 2012). 
Another set of upper airway muscles with important respiratory-related activity, 
are the muscles attached to the hyoid bone.  The hyoid bone must move forward during 
inspiration to prevent increased resistance to airflow, and this mechanical event must be 
coordinated with hyolaryngeal elevation during swallowing, and its subsequent descent. 
Hyolaryngeal elevation during swallowing protects the airway by preventing bolus 
aspiration and is accompanied by cessation of breathing, an event that has been termed 
swallowing apnea. During swallowing, the suprahyoid muscles contract and the hyoid 
bone moves forward and upwards. Subsequently, the hyolaryngeal complex returns to its 
baseline position with the contraction of the infrahyoid muscles. Thus, the respiratory 
role of the suprahyoid and infrahyoid muscles is twofold: a) to dilate the upper airway 
during inspiration, and b) to coordinate their activities during swallowing with their 
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activities during breathing, as well as inactivity with the inspiratory pump muscles during 
swallowing (Sieck & Gransee, 2012). From the suprahyoid muscles, the geniohyoid is the 
one that has an upper airway dilating role. By contracting simultaneously with the 
sternohyoid, the hyoid bone moves anteriorly, an event crucial during inspiration. 
The larynx plays an integral role in several upper airway functions, such as 
breathing, swallowing, cough and phonation. In the case of respiration, the posterior 
cricoarytenoid muscle abducts the vocal folds and the glottic space widens. The 
cricothyroid muscle contracts simultaneously in order to lengthen the vocal cords. With 
the simultaneous lengthening and abduction of the vocal folds, the resistance to 
inspiratory airflow is reduced (Kimoff, 2005). In expiration, the posterior cricoarytenoid 
relaxes, but the cricothyroid might remain active to maintain the vocal fold length. 
In the case of inspiration, the brainstem produces a sequential wave of respiratory 
muscle activation. The pharyngeal dilators are activated initially, followed by the muscles 
that open the glottis, followed by activation of the chest wall muscles, and finally, 
activation of the diaphragm (Kimoff, 2005). 
 
1.1.5b  Neural control of respiration and the respiratory muscles 
Breathing is a complex behavior and so is its neural control. Although we think of 
it mainly as an automatic behavior, we also have voluntary control of the respiratory 
muscles. In addition, breathing is interconnected with several other non-respiratory 
behaviors, such as speaking, swallowing, coughing, sneezing, vomiting, as well as 
behaviors that require abdominal pressure control, such as parturition, ejaculation and 
defecation (Holstege, 2014). Furthermore, breathing adjusts to sleep-wake states, 
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metabolic demands, postural changes, and it is highly influenced by emotional state 
(Garcia, Zanella, Koch, Doi & Ramirez, 2011; Holstege, 2014; Masaoka, Izumizaki & 
Homma, 2014; Rave Moss, 2005).  
The respiratory network and the nuclei controlling neuromodulation of respiration 
are widely distributed along the neural axis (Garcia, Zanella, Koch, Doi & Ramirez, 
2011). A modern way of thinking of the respiratory network involves the concept of a 
central pattern generator (CPG). The central pattern generator is described by Garcia et 
al. (2011) as a dynamic assembly of neurons which are capable of producing rhythmic 
discharges that are highly flexible to be adapted in order to generate different breathing 
patterns. The respiratory CPG is responsible for coordinating the two essential parts of 
the respiratory system, the pump muscles and the valve muscles, while quickly adapting 
to changes in behavioral situations. 
There are two primary neuronal networks important for breathing, the dorsal 
respiratory group (DRG) and the ventral respiratory column (VRC), both located in the 
medulla. The DRG neurons are primarily inspiratory and are located in the nucleus 
tractus solitarius (NTS) (Vassilakopoulos, 2012). The VRC consists of both inspiratory 
and expiratory neurons and contains the nucleus ambiguous (NA). The DRG neurons 
project to the phrenic and intercostal motor neurons in the spinal cord, whereas the VRC 
neurons project to the larynx, pharynx and tongue (Vassilakopoulos, 2012). The VRC 
networks include the retrotrapezoid nucleus/ parafacial respiratory group complex 
(RTN/pFRG), the Bötzinger complex, the pre-Bötzinger complex (pre-BötC), the rostral 
ventral respiratory group (rVRG) and the caudal VRG (cVRG) (Garcia et al, 2011). The 
VRC premotor neurons specifically make the following motor neuron connections: a) 
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monosynaptically with the phrenic nuclei at the C2 to C4 level which supply the 
diaphragm, b) monosynaptically with the cranial nuclei that innervate the respiratory, 
laryngeal, pharyngeal upper airway and tongue muscles, c) polysynaptically with 
inspiratory motor neurons located in the thorax (at the level of T1 to T12) that supply the 
external intercostals muscles, and d) polysynaptically with expiratory motor neurons in 
the thorax and abdomen which supply the expiratory muscles (Rave Moss, 2005).   
The pre-Bötzinger complex (pre-BötC) is a crucial region for respiration, since it 
is currently established that it is the centre of the respiratory rhythmogenesis (Rave Moss, 
2005). It has been hypothesized for years that it was located within the reticular 
formation of the medulla, however its precise location has only recently been identified in 
humans (Ramirez, 2011; Schwarzacher, Rub & Deller, 2011). Current theory proposes 
that the respiratory rhythm is generated in the pre-Bötzinger complex through a series of 
pacemaker neurons that depolarize, fire and repolarize in a rhythmic way (Rave Moss, 
2005). The neurons have intrinsic membranous ion characteristics and their oscillatory 
activity can be modulated by afferent inputs (Rave Moss, 2005). 
Several other regions in the brainstem have important respiratory-related activity. 
The pontine respiratory group (PRG), located in the dorso-lateral pons, contains the 
Kölliker-Fuse nucleus (KF), which controls the duration of the respiratory cycle and the 
post-inspiratory phase. It modulates eupnea and the transition between inspiration and 
expiration (Garcia et al, 2011). Additionally, the KF nucleus controls pump versus 
respiratory valve muscle contraction during respiratory and non-respiratory activities 
(Bianchi & Gestreau, 2009). Other brainstem areas include the lateral 
paragigantocellular, the lateral reticular, the cranial trigeminal, facial and hypoglossal 
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nuclei, the parabrachial nuclei, the locus coeruleus and the reticular raphe nuclei (Rave 
Moss, 2005). The locus coeruleus and the reticular raphe nuclei play an important role in 
the control of respiration during sleep-wake states (Rave Moss, 2005). 
Other areas involved in breathing include suprapontine brain regions, such as the 
suprapontine lateral and posterior hypothalamus and the periaqueductal gray (Rave Moss, 
2005). These areas have a significant modulating role in instances with specific 
physiologic requirements, such as exercise, and in stressful situations (Rave Moss, 2005). 
Alao, the periaqueductal gray is particularly important for the integration of speech and 
breathing (Garcia et al, 2011). Additional respiratory-related brain regions include the 
cerebellum and the neocortex (Garcia et al, 2011). As noted above, respiration, like other 
behaviors, is under volitional control. Therefore, the cortex plays an important role in the 
control of the drive to breathe during speaking, singing and breath-holding (Rave Moss, 
2005). 
Breathing is a motor pattern that involves coordinated activation of several 
muscles. As noted in a previous section, the actions of the respiratory muscles are well-
coordinated. There is a careful coocrdination between the upper airway muscles, the 
inspiratory and expiratory muscles in such a way that there is contraction of the upper 
airway muscles first, which dilate the upper airway, followed by contraction of the 
inspiratory muscles, followed by contraction of the expiratory muscles. The timing and 
pattern of the upper airway muscle neuronal activation is of great importance to the 
success of normal breathing (Rave Moss, 2005). 
With the exception of smooth muscles of the trachea, bronchi and lung airways, 
all other respiratory muscles are skeletal muscles, and their neural pathways are therefore 
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similar to those of other human skeletal muscles. The final element of neuromotor control 
are the motor units (Mantilla, Seven & Sieck, 2014). Similarly to most motor behaviors, 
motor neurons are typically recruited in a smallest to largest order, however their 
excitability can also be affected by a variety of afferent inputs (Sieck & Gransee, 2012). 
Human respiratory muscles, with the exception of a few upper airway muscles like the 
genioglossus, are innervated by motor neurons located in the cervical and thoracic spinal 
cord. Phrenic motor neurons, which innervate the diaphragm, are located at the C3 to C5 
levels (Sieck & Gransee, 2012). The intercostals muscles are innervated by motor units 
located at the T1 through T11 levels of the spinal cord, and the abdominals by motor 
units at spinal cord levels T7 through T11 and by the subcostal nerve at the level of T12 
(Sieck & Gransee, 2012). Motor units of the suprahyoid and infrahyoid muscles are for 
the most part located in the upper cervical spine (C1-C3). Most tongue muscles, 
including the genioglossus, are innervated by the hypoglossal cranial nerve (CN XII) 
with motor neurons located in the dorsomedial medulla. All intrinsic laryngeal muscles 
with the exception of the cricothyroid, are innervated by the recurrent laryngeal nerve. 
The cricothyroid is innervated by the superior laryngeal nerve. Both nerves are branches 
of the vagus cranial nerve (CN X) with motor neurons located in the dorsomedial medulla 
(Sieck & Gransee, 2012). 
The foundation for neural control of the respiratory muscles is provided by the 
matching of the electrophysiological properties of motor neurons and the muscle fiber 
properties (Sieck & Gransee, 2012). The mechanical and fatigue properties of muscle 
fibers vary depending on the oxidative capacity and their contractile protein composition, 
and so muscle fibers are classified into the following four different categories: i) Type S 
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motor units composed of type I muscle fibers, b) Type FR motor units consisting of type 
IIa muscle fibers, iii) Type FInt motor units made of type IIx muscle fibers, and d) Type 
FF motor units made of type IIb muscle fibers (Sieck & Gransee, 2012). Type S motor 
units display slower mechanical properties and are very fatigue-resistant during repetitive 
activations. The other three types of motor units are called “fast-twitch”, because they 
display faster mechanical properties, but with the exception of the FR motor units, they 
are more susceptible to fatigue (Sieck & Gransee, 2012). Specifically, FF motor units are 
higly fatigable during repetitive activations and type FInt motor units display 
intermediate resistance to fatigue (Sieck & Gransee, 2012). Motor unit recruitment differs 
in the various ventilator and non-ventilatory behaviors. For example, diaphragm motor 
units are recruited in such a way, that the more fatigue-resistant motor units are recruited 
first and more frequently compared to the more fatigable motor units (Mantilla, Seven & 
Sieck, 2014). Fatigue-restistant motor units usually suffice for typical ventilatory 
behaviors, however recruitment of the more fatigable motor units is necessary in 
instances such as coughing (Mantilla, Seven & Sieck, 2014). 
 
1.1.5c  Fatigue of the respiratory muscles 
 Fatigue of the respiratory muscles occurs both in healthy subjects and in patients. 
Fatigue of the respiratory muscles has been defined as the inability to sustain the pressure 
required to maintain alveolar ventilation (Roussos & Zakynthinos, 1996) or as a 
demonstrated reduction in the force generated capacity of the respiratory muscles 
(Roussos, 1985). In order to fully satisfy the definition requirements, the force decrease 
must be reversible with rest (Zakynthinos & Roussos, 2005). In theory, respiratory 
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fatigue may occur at any point of the complex command system that extends from the 
brain to the muscles. In fact, fatigue is broadly subdivided into two categories which 
represent different biophysical mechanisms of fatigue development, central, and 
peripheral or contractile fatigue (Roussos & Zakynthinos, 1996; Zakynthinos & Roussos, 
2005).  
 Central fatigue is characterized the failure to generate force because of reduced 
central motor output (Zakynthinos & Roussos, 2005). Central fatigue is the result of 
decreased central discharge firing rate which leads to force decline, as an adaptation to 
chemical changes and contractile properties of the respiratory muscles, in order to 
prevent muscle self-destruction because of excessive activation (Zakynthinos & Roussos, 
2005). 
 Peripheral fatigue is characterized by failure at the neuromuscular junction or near 
this structure, and is the result of failure of impulse propagation acrossthe neuromuscular 
junction, the sarcolemma or the T tubules, impaired excitation-contraction coupling, or 
failure in the contraction of muscle fibers (Vassilakopoulos, 2012). Peripheral fatigue is 
further subdivided in high-frequency fatigue, in which muscle force declines rapidly in 
association with a decline in CMAP amplitude, especially at high frequencies, and low-
frequency fatigue, in which force declines at low-frequencies of stimulation because of 
impaired excitation-contraction properties (Roussos & Vassilakopoulos, 2008). In low-
frequency fatigue force generation at high frequencies is maintained. The mechanism of 
low-frequency fatigue is not well understood and its clinical revelance is not easy to 
understand (Roussos & Vassilakopoulos, 2008). High-frequency fatigue resolves very 
quickly when the load is removed, whereas low-frequency fatigue is more long-lasting, 
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taking several hours to recover (Roussos & Vassilakopoulos, 2008). High-frequency 
fatigue is developed by normal subjects breathing against high-intensity inspiratory 
resistive loads. Low-freuency fatigue has also been detected in normal subjects breathing 
against very high inspiratory resistance or after sustaining maximum voluntary 
ventilation for 2 minutes (Roussos & Vassilakopoulos, 2008). 
 In healthy subjects breathing against a fatiguing load while trying to maintain a 
constant mouth pressure, three breathing patterns have been described (Roussos & 
Zakynthinos, 1996). Initially, in the stage of “infinite possibilities”, the subject is not 
aware of the duration of the task and the timing and mouth pressure remain constants. In 
the intermediate stage of “alternative strategies”, the subject is using every possible 
strategy in order to maintain the target pressure every time the task threatens to lead to 
exhaustion. In this stage, recruitment and de-recruitment between the diaphragm and the 
intercostals and accessory muscles is observed, resulting in a constant mouth pressure but 
varied pleural, gastric and transdiaphragmatic pressures. Finally, in the last stage of 
“exhaustion”, the subject is not able to sustain the required pressure any longer. This 
stage usually consists of the last 4-5 breaths. 
 Respiratory muscle fatigue is manifested clinically in the following sequence: 
Initially, there is an increase in respiratory rate, followed by development of the 
abdominal paradox, followed by an increae in PaCO2 and respiratory academia, followed 
by a terminal reduction in respiratory rate and minute ventilation (Banner, 1995). In 
healthy subjects breathing against resistance, the rib cage-abdominal paradox is the result 
of increases in respiratory load rather than fatigue, although it can be considered a 
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precursor to fatigue, since it is a direct reflection of increased , fatiguing respiratory load 
(Roussos & Zakynthinos, 1996). 
Respiratory muscle fatigue is currently considered responsible for respiratory 
failure and failure to wean from ventilators (McKenzie & Bellemare, 1995; Roussos & 
Zakynthinos, 1996) and has been studied extensively in the last thirty years, however 
detection and measurement has been challenging (ATS/ERS Statement on Respiratpry 
Muscle Testing, 2002). Respiratory fatigue is usually measured as a reduction in force 
over time, which is reversible with rest (ATS/ERS Statement on Respiratpry Muscle 
Testing, 2002; Dominelli & Sheel, 2002). 
The prevalence of respiratory muscle fatigue is difficult to be determined, but the 
following groups of patients are at most risk for developing respiratory muscle fatigue: a) 
premature and newborn infants, b) patients with inspiratory muscle weakness or chronic 
respiratory loads, including patients with neuromuscular disorders, c) patients with an 
inadequate supply of energy, such as in cardiogenic shock or septicemia, and d) patients 
facing an increase in load, such as asthmatics and patients with COPD (NHLBI 
Workshop Summary on Respiratory Muscle Fatigue, 1990). 
 
1.2.   Swallowing and respiration 
1.2.1   Breathing and swallowing interactions 
 Oral feeding is a complex, highly organized process and coordination of breathing 
and swallowing is required in order to be successful. The literature suggests that there is a 
swallow-respiratory pattern in healthy subjects that appears early in life and is controlled 
centrally. Since respiration and swallowing have a partially shared anatomy (oral cavity, 
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pharynx), these two functions cannot occur at the same time. For this reason there is a 
brief cessation of breathing, or swallowing apnea, while the swallow takes place (Selley 
et al., 1989). During this apnea period, first the arytenoids followed by the true vocal 
folds approximate, although they do not fully adduct (Martin Harris et al., 2003). The 
duration of the swallowing apnea ranges between 0.75 to 1.25 seconds depending on 
parameters like age and bolus size (Klahn and Perlman, 1999). Furthermore, the swallow 
does not occur at a random phase of the breathing cycle, but it follows a pattern of 
inhalation-exhalation-swallow-exhalation. Both the swallowing apnea and the breathing-
swallowing coordination are airway protective mechanisms. In the patient population, the 
swallow is not always followed by an exhalation, thus putting those patients at risk for 
aspiration (bolus entering the airway below the level of the vocal folds) (Leslie et al., 
2002). When the swallow is followed by exhalation, the buildup of subglottic pressure is 
capable of expelling any aspirate material from the airway. 
The pattern of swallowing followed by exhalation has been observed in healthy 
populations of all ages. In infants, the ability to coordinate breathing-sucking and 
swallowing is critical and is a sign of neurological maturation. The coordination of 
breathing and swallowing changes significantly with developmental maturation from 34 
to 42 weeks post menstrual age (Rogers & Arvedson, 2005). During the first week of oral 
feeding, the healthy preterm and term infants experience decreased minute ventilation, 
respiratory rate and tidal volume. However, the term infants shortly after birth become 




The biomechanical events during swallowing can be considered the “opposite” of 
those during respiration. When breathing, the airway has to be completely open for the air 
to pass unobstructed into the lungs. For this reason the larynx remains at the resting 
position, with the arytenoids and true vocal folds abducted. 
 
1.2.2   Fatigue and respiratory muscle fatigue in the speech and swallowing literature 
The coordination between respiration and deglutition is well-established and 
studies have shown that respiratory problems may as well affect the act of swallowing 
(Martin-Harris, 2008). Many swallowing problems have been attributed to weak 
respiratory muscle strength and respiratory muscle fatiguing. Such problems have been 
reported in neurological and respiratory diseases, such as Parkinson’s disease (PD), 
Multiple Sclerosis, Amyotrophic Lateral Sclerosis (ALS), Chronic Obstructive 
Pulmonary Disease (COPD) (Martin-Harris, 2008; Sapienza, 2008; Sapir, Ramig & Fox, 
2008). In addition, respiratory muscle fatiguing has been considered responsible for 
swallowing problems in infants born prematurely (Faherty, 2006). Furthermore, exercise 
programs have been developed targeting the respiratory system, such as Expiratory 
Muscle Strength Training and Inspiratory Muscle Strength Training (Sapienza, 2008). 
Despite the growing body of literature in this area, the respiratory-swallowing 
interactions are still not well understood. In terms of respiratory muscles, it is not clear 
both which muscles are involved in swallowing and how much the involved muscles are 
contributing. Also, the direct effects of respiratory muscle fatiguing on deglutition have 
not been studied, but it has long been speculated that respiratory system fatigue affects 
deglutition, especially in the patient population. 
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Along the same line, respiratory muscle fatigue has been reported to affect 
speech. This is the case in many neurological diseases. Patients with hypokinetic 
dysarthria due to PD present with weak and rigid respiratory muscles and are unable to 
generate sufficient airflow and air pressure for speech. These respiratory deficits have 
been hypothesized to affect intensity, phonation and articulation (Goberman & Coelho, 
2002). Solomon and Hixon (1993) reported lower oral pressures for subjects with PD, 
providing evidence for the presence of respiratory muscle fatigue.  
Furthermore, the inspiratory and expiratory mouth pressures, which measure 
respiratory muscle strength, have been reported to be low in the presence of various 
cardiopulmonary diseases and to improve after lung transplant and volume reduction 
surgery (Estenne, 2009). These patients often present with speech and swallowing 
disorders. 
Inspiratory muscle fatigue has been hypothesized to be involved in the 
development of exercise-induced paradoxical vocal fold motion and inspiratory muscle 
training was successfully used to treat one patient presenting with this disorder (Mathers-
Schmidt & Brilla, 2005). 
Baker, Hipp and Alessio (2008) examined ventilatory and speech characteristics 
during submaximal aerobic exercise in healthy young adults. All speech parameters were 
found to be significantly altered over time and ventilation was significantly lower during 
the speaking tasks compared to the nonspeaking tasks. The perception of dyspnea was 
significantly higher during the speaking tasks. 
Muscle fatigue has been defined as “… any exercise-induced reduction in the 
maximal capacity to generate force or power output.” (Vollestad, 1997, Measurement of 
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human muscle fatigue, Journal of Neuroscience Methods, 74:219-227, p.220). In terms of 
the respiratory system, fatigue has been defined as “… the inability to continue to 
generate the pressure required for an adequate alveolar ventilation.” (Aubier, 1989, 
Respiratory muscle fatigue, Intensive Care Medicine, 15:S17-S20, p:S17) and it has been 
attributed to a loss of force resulting from muscular contraction. In order for an 
isometrically contracting muscle to fatigue, the force of contraction must be 15% or more 
of the maximum, and in the case of the diaphragm about 40% of the maximum (Aubier, 
1989). Although many factors might predispose to respiratory muscle fatigue, in the 
present study it is only the exercise-induced respiratory muscle fatigue in healthy adult 
populations that is of interest. 
Although respiratory muscle fatigue has rarely been directly assessed in the 
speech and swallowing literature, it has been studied extensively in other disciplines. In 
the exercise physiology literature, many studies have been reported, in which respiratory 
fatigue was induced in healthy adult populations. Such studies included investigating the 
effects of exercise-induced respiratory muscle fatigue on exercise tolerance and 
locomotor muscle fatigue (Taylor & Romer, 2008), the effects on blood flow, fatigue and 
performance (Dempsey, Miller, Rommer, Amman & Smith, 2008), or detecting 
respiratory muscle fatigue in healthy populations in conditions such as after marathon 
running (Loke, Mahler & Virgulto, 1982). 
In the literature there are two main ways of inducing respiratory muscle fatigue. 
These include whole body exercise (Delpech, Jonville & Denjean, 2003; Loke, Mahler & 
Virgulto, 1982), which is usually accomplished by treadmill running or cycling on an 
ergometer, and breathing against an external load (Delpech, Jonville & Denjean, 2003; 
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Mador & Kufel, 1992; Mador, Rodis, Magalang & Ameen, 1996; Supinski, Lary, Bark & 
Kelsen, 1987). Inspiratory muscle efficiency has been reported to fall as the resistance to 
breathing increases, and it has been hypothesized that this is due to the diaphragm’s 
behavior more as a fixator and less as an agonist (Aubier, 1989). In the present study, 
evaluation of respiratory muscle endurance to an external load was preferred, since in this 
case it is only the respiratory muscles that fatigue. 
 
B. Statement of Problem/Purpose of the study 
The overall objective of the proposed study is to examine the effects of 
respiratory muscle fatigue on swallowing in healthy young adults. Fatigue of the 
respiratory muscles is considered a contributing factor for the development of swallowing 
and speech disorders in many respiratory and neurological diseases. Treatment programs 
have been developed addressing this problem (Sapienza, 2008). Nevertheless, the 
mechanism with which fatigue affects the speech and swallowing functions remains 
unclear. Understanding how this mechanism works is essential for developing effective 
therapeutic interventions for these frustrating symptoms that accompany many diseases. 
Although the patient population is in mind, studying this mechanism on healthy adult 
subjects will allow researchers to understand which swallowing parameters are altered as 
a result of fatigue without the presence of other complicating disease-related symptoms. 
Healthy subjects are able to compensate for these changes, as opposed to the patients. 
The use of healthy subjects will enable researchers to understand how they compensate 
for the physiological changes in function caused by fatigue, and in the future, how the 




SPECIFIC AIMS, RESEARCH QUESTIONS AND HYPOTHESES 
 
Respiratory muscle fatigue, which is often observed clinically in cases of 
pulmonary, neurologic and neuromuscular disease, has been related to poor swallowing 
outcomes for these patients (Bolton, 2005; Coyle, 2010; Nishino, 2013; Perrin, 
Unterborn, D’Ambrosio & Hill, 2004). Experimentally, changes in respiratory 
mechanics, lung volumes and other respiratory parameters have been shown to alter 
breathing and swallowing coordination (Kijima et al., 1999) and rate of swallowing 
(Kijima et al., 2000; Nishino, 2013; Sai et al, 2004; Yamamoto & Nishino, 2002). 
Furthermore, exercising the expiratory muscles has been reported to result in improved 
swallowing function (Pitts, Bolser, Rosenbek et al., 2009; Troche, Okun, Rosenbek et al., 
2010). Similarly, it has been reported that noninvasive ventilation improves breathing and 
swallowing coordination in COPD patients (Terzi, Normand, Dumanowski, et al., 2013) 
and neuromuscular patients (Garguilo, Lejaille, Vaugier et al., 2016), and that CPAP use 
resulted in decrease of saliva aspiration incidents (Finder, Yellon & Charron, 2001). 
Although previous reports imply a relationship between swallowing, breathing effort and 
fatigue of the respiratory system, this relationship remains unclear. No previous study has 
shown a direct causal relationship between fatigue of the respiratory muscles and 
swallowing physiology.  
The overall objective of this study is to examine the relationship between 
respiratory muscle fatigue and swallowing in healthy young adults during nutritive 
swallowing events and in particular, to determine which swallowing physiology-related 
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parameters are affected by fatigue of the respiratory muscles. In order to achieve this, 
fatigue will be induced to the respiratory muscles of healthy subjects and measures will 
be obtained during nutritive swallowing tasks. Fatigue induction to otherwise healthy and 
young subjects will enable us to clearly observe effects on swallowing, attributed to the 
respiratory muscle fatigue and not to other symptoms that often accompany diseases and 
can affect swallowing function as well (e.g. weakness of upper airway muscles, brain and 
cranial nerve lesions).  
 
Research Question 1: To determine if differences exist in the muscle recruitment pattern 
of the submentals and infrahyoids associated with swallowing, as measured with sEMG 
Integral, during several different swallowing conditions before, following respiratory 
muscle fatigue and following recovery. 
sEMG will be employed to measure electrical activity from the submental 
and infrahyoid muscles during different swallowing tasks before, following 
respiratory muscle fatigue and following recovery. Given the two-fold role of 
these muscle groups in both respiration and swallowing and the shared brainstem 
neuronal networks that control and synchronize their activation, differences in 
muscle activity are expected to be found during the different experimental 
conditions. This is supported by preliminary data that showed increased activation 
of the submentals during swallowing after expiratory muscle fatigue was induced 
(Malatra et al., 2012a, 2012b, 2012c). The submental and infrahyoid muscles play 
a significant role both in airway protection during deglutition and in airway 
patency maintenance during breathing. Inspiratory and upper airway muscle 
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activation during breathing is highly synchronized and controlled by brainstem 
neuronal networks. Fatigue of the primary respiratory muscles in pathological 
conditions (obstructive sleep apnea, COPD, asthma) has been shown to affect 
upper airway muscle activation, especially the muscles that stabilize the tongue, 
palate and hyoid bone. Also, increased submental muscle activity has been 
associated with expiratory tasks.  
 
Research Question 2: To examine if differences exist in the pattern of breathing-
swallowing coordination (pattern P) during several different swallowing conditions 
before, following respiratory muscle fatigue and following recovery. 
The breath phase at which the swallow normally occurs has been shown to 
be sensitive in respiratory-related changes, such as application of elastic loads and 
hypercapnia. The typical pattern of swallowing at expiration, observed in healthy 
subjects, has been altered in experimental conditions, with frequency of swallows 
occurring at inspiration increasing, similarly to the patterns observed in the 
presence of disease. In the present study, the protective normal respiratory-
swallowing cycle typically observed in healthy young adults, is expected to be 
altered in the presence of respiratory muscle fatigue. 
 
Research Question 3: To examine if differences exist in the duration of inspiratory and 
expiratory cycles associated with swallowing, as measured with duty cycle, during 




The duty cycle (DC), expressed as the ratio of the inspiration time to the 
total breathing time (TInsp/Ttot) will be estimated during different swallowing tasks 
before, following respiratory muscle fatigue and following recovery. Fatigue of 
the respiratory muscles is accociated with increased ventilatory needs and it has 
been shown that the pressure sustained by the respiratory muscles falls when the 
proportion of time spent in inspiration increases (Zakynthinos & Roussos, 2005). 
Since deglutitive apnea duration can vary under different occasions, swallowing 
has the potential to influence the duration of the two breath phases.  
 
Research Question 4: To examine if differences exist in the duration of the deglutitive 
apnea (Tap), during several different swallowing conditions before, following respiratory 
muscle fatigue and following recovery. 
The duration of deglutitive apnea has been shown to vary, based on 
parameters such as bolus consistency, bolus volume and age (Matsuo & Palmer, 
2009). Given that breathing mechanics change during fatigue, the duration of the 
respiratory pause during swallowing might be affected. 
 
Research Question 5: To examine if differences exist in secondary swallow frequency 
(Fss) during several different swallowing conditions before, following respiratory muscle 
fatigue and following recovery. 
Secondary swallows occur after the initial swallow in order to clear 
residue that has been left in the oral cavity or pharynx. Although imaging 
techniques are required in order to objectively assess residue, an increase in 
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secondary swallow frequency can be indicative of a possible increase in oral or 
pharyngeal residue and indicative of decreased swallow efficiency. 
 
SECONDARY QUESTIONS 
1) Is there a difference in the number of swallows and the number of breaths 
required to complete the task of continuous drinking of 100ml  before, following 























Participants included 54 healthy young adults (25 male, 29 female) with no 
history of respiratory, cardiac, neurological, developmental disease or dysphagia. 
Subjects were non-smokers. Subjects were randomly assigned in one of the two groups, 
Maximum Expiratory Pressure (MEP) subject group and Maximum Inspiratory Pressure 
(MIP) subject group. Fatigue was induced to the expirtory muscles to all subjects in the 
MEP group and to inspiratory muscles to subjects in the MIP group. Twenty eight 
subjects participated in the MEP group and 26 in the MIP group. Data obtained from two 
subjects in the MIP group were dropped thus resulting in MEP and MIP groups being 
uneven. The reasons for the two subject dropouts were incompletion of the experiment, 
because one subject had to leave before the experiment was completed, and presence of 
significant artifacts in the recorded signals due to head and body movement.  
In order to be included in the study all subjects had to be healthy and between 18 
years to 50 years old. 
Exclusion criteria included history or presence of respiratory, neurological, 
cardiac, and developmental disease, dysphagia, speech or voice disorders. Smoking was 
also included in the exclusion criteria. Any subject older than 50 years old was excluded 
from the study. 
Subjects were recruited from the Columbia University community. The study was 
advertised under the Research Participants Sought section of the Teachers College, 
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Columbia University online Message Center and fliers were posted around the campus. 
IRB approval from the university was secured prior to the initiation of any activity related 
to this study. Written informed consent was obtained from all study participants 
according to institutional guidelines. 
 
B. Measurements 
Respiratory and swallowing measurements included the following:  
 
Respiratory parameters: Objective and behavioral measures are included here. The 
objective measures include the respiratory rate (RR), the duration of the entire breath 
when the swallow occurs (Ttot_d=TI+TE) as well as the duration of the breaths before 
(Ttot_bf) and after the swallow (Ttot_a), the duty cycle (DC=TI/Ttot), the breath phase at 
which swallowing events occur (pattern P), and the maximal static inspiratory (PImax or 
MIP) and expiratory (PEmax or MEP) mouth pressures. The behavioral measures include 
sense of breathing effort on a rating scale from 1-10 (Borg scale; Borg, 1982). 
 
Swallowing parameters: The swallowing measures include amplitude of swallowing 
muscle activity (sEMG Integral), the duration of the swallowing apnea (Tap) and the 






C. Instrumentation  
 Swallows were captured via surface electromyography (sEMG). Swallowing 
timing and amplitude measures were obtained with the use of an 8-channel sEMG on the 
submental and infrahyoid muscle groups (Bagnoli-8 sEMG system, Delsys, Inc.). EMG 
data were recorded from the submental muscle group (anterior belly of digastric, 
mylohyoid, geniohyoid, all covered by the platysma) and the infrahyoid muscle group. A 
reference electrode was placed on forehead. Prior to the electrode attachment on the skin, 
the targeted areas were lightly scrubbed with an alcohol swab, and double contact tape 
was applied to the electrodes, followed by electrode gel. Extra tape was applied over the 
electrodes to further secure them to their positions. In addition, the wire was taped and 
Respiratory parameters 
•duty cycle (DC=TI/Ttot) 
•breath phase at which swallowing 
events occur (pattern P) 
•respiratory rate (RR) (breaths/min) 
•maximal static inspiratory mouth 
pressure (PImax) (cmH20) 
•maximal static expiratory mouth 
pressure(PEmax) (cmH20) 
•sense of breathing effort (Borg scale) 
Swallowing parameters 
•sEMG Integral of submentals (mV.s) 
•sEMG Integral of infrahyoids (mV.s) 
•secondary swallow frequency (Fss) 
•swallowing apnea duration(Tap) (ms) 




secured on the skin. All male subjects had been asked in advance to shave on the neck 
area. 
All respiratory measures with the exception of PImax/PEmax were captured with 
the use of two piezo-electric respiratory belt transducers (AD Instruments, Colorado 
Springs, CO) placed around the thorax and abdomen. In addition, one more belt was 
placed around the neck to capture swallows in relation to the breathing cycle.  
PImax/PEmax was measured at mouth, with the use of a respiratory pressure 
meter (Micro Direct RPM, Micro Direct). PImax/PEmax have been reported to reflect the 
capacity of the global inspiratory/expiratory muscles to generate force and are considered 
a good measure for assessing respiratory muscle fatigue (Larson, Covey, Vitalo, Alex, 
Patel & Kim, 1993; Ozkaplan, Rhodes, Sheel & Taunton, 2005).  
A loaded breathing device was used in order to induce respiratory muscle fatigue, 
as described later in this text. Sense of breathing effort was evaluated with the use of the 
Borg scale (Borg, 1982). The magnitude of the sense of effort, as measured by the Borg 
scale, has been shown to correlate with the effect of loaded breathing (Supinski, Clary, 
Bark & Kelsen, 1987). Although the loaded breathing technique, utilized in the present 
study, is different from the one described in the Supinski et al. study, the Borg scale will 
still be used as a measure of the sense of effort. 
 
D. Design 
The design of the experiment is a mixed repeated-measures, with subject group 
(the group in to which each subject was assigned, either inspiratory muscle fatigue or 
expiratory muscle fatigue subject group) as the Between-Subjects factor. The subjects of 
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the same group were assessed on the same measures in 3 different conditions/time-points 
(baseline condition, immediately after fatigue was induced and a post-rest condition after 
a 15-minute rest period). Subjects were randomly assigned to one of two groups, either an 
inspiratory (MIP) or expiratory (MEP) muscle exercise subject group, depending on the 
group of respiratory muscles that was going to be fatigued. 
 
 





E. Procedure  
1. Screening: 
Subjects were instructed to abstain from beverages containing caffeine for 24h 
prior to the experiment. In addition, all male subjects had been asked in advance to shave 
on the neck area. Prior to data collection, all subjects were screened during a procedure 
consisting of an oral-motor examination, speech evaluation, a clinical swallowing 
evaluation conducted by a Speech-Language Pathologist to ensure adequate sensorimotor 
function and normal swallowing skills, and a brief pulmonary function testing. 
Baseline Condition 
(A) 
Fatigued  Condition 
(B) 
Rested  Condition (A) 
15min rest Fatigue Induction 
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Pulmonary function was assessed with spirometry (FEV1, FVC) in order to ensure 
normal pulmonary function. Speech was perceptually assessed by an experienced SLP as 
normal or abnormal. The subjects that passed the initial screening, thus satisfying the 
study’s inclusion criteria, participated in a brief training session to familiarize them with 
the study’s procedures. During the training session, instructions were given and they also 
watched a training video.  
 
2. Experiment: 
The experiment was conducted as follows: 
 
Baseline phase: Baseline measures were collected. The subjects were asked to perform 3 
trials of each of the following swallowing tasks in a random order: single sip drinking of 
5 ml of thin liquid via a cup, continuous drinking of 100 ml thin liquid, and a solid food 
swallow (cracker). All subjects were asked to scale their sense of breathing effort using 
the Borg scale (Borg, 1982). 
 
Fatigued phase: Respiratory muscle fatigue was induced to subjects by using repeated 
PImax/PEmax maneuvers, as explained below. Once the subjects were fatigued, they 
repeated the above swallowing tasks and data were collected. Subsequently, the subjects 




Post-rest phase: Data were collected on the same swallowing tasks after a 15-minute rest. 
The subjects were once again asked to scale their sense of breathing effort using the Borg 
scale (Borg, 1982).  
 
 




PImax/PEmax measurement task: Subjects were seated comfortably and instructed to 
make a tight lip seal around the mouthpiece. Each subject was instructed to perform  
three trials of either a maximum inspiratory maneuver (Mueller maneuver) or a maximum 
expiratory maneuver (Valsava maneuver) depending on the group they had been 
assigned. PImax was measured at residual volume (RV) and PEmax was measured at 
total lung capacity (TLC) (ATS/ERS Statement on Respiratory Muscle Testing, 2002). 
The maximum value of three maneuvers that varied by less than 20% was recorded 
(Green M, Road J, Sieck GC, Similowski T, 2002). Subjects were instructed to maintain 
the pressure for at least 2 seconds. All subjects watched a demonstration video in addition 
to a demonstration by the researcher. Visual feedback of airway opening pressure was 
5ml thin (single sip) via a cup 




provided with the use of Puma PC Software (MicroDirect, 2010), the software that 
accompanied the MicroRPM device. 
The PImax maneuver was performed with the subject seated comfortably at RV. 
The  subject was instructed to exhale until his/her lungs felt empty and then to inspire 
through the device with as much effort as possible until he/she could inspire no further. 
The Valsava Maneuver was performed at TLC. The subject was instructed to 
inhale until the lungs felt full of air and then to expire through the device as hard and as 
fast as possible until the subject could expire no further. 
 
Method of Fatigue Induction: A repeated maximum inspiratory/expiratory pressures 
technique was used in order to induce respiratory muscle fatigue. This technique has been 
developed by McKenzie and Gandevia (1983; 1986; 1987), and has been used as a means 
of evaluating respiratory muscle endurance. The subjects were instructed to perform at 
least 18 repeated PImax/PEmax maneuvers, lasting 10 seconds each, with 5 seconds of 
rest between contractions (duty cycle=0.67), with a goal of sustaining an 
inspiratory/expiratory resistive load (IRL/ERL) of 60% maximal inspiratory/expiratory 
pressure (PImax/PEmax) until task failure (ATS/ERS Statement on Respiratory Muscle 
Testing, 2002). Task failure was defined as inability to generate the target pressure for 
three consecutive inspiratory/expiratory efforts, and at that point, all of the 
inspiratory/expiratory muscles were considered to be fatigued. Fatigue was documented 
as a decrease in volitional maximal static inspiratory/expiratory pressure, with 




F. Data analyses 
1. Data Processing 
EMG data: Data were collected, saved and analyzed using customed written programs 
(LabView® 6.1). The filter was set at bandpass, with a low cut-off at 10Hz and a high 
cut-off at 500Hz. The signal was full-wave rectified. In order to determine the onset data 
point of the EMG activity, the recorded signals were visually inspected and manual 
identification of the onset point, using a cursor, followed. Descriptive and inferential 
statistics were calculated for timing and amplitude measures. A total of 27 swallows per 
subject (9 in each of the 3 time intervals) were analyzed for each region. 
All the other data with the exception of EMG and PEmax/PImax, were collected, 
recorded, saved and analyzed using LabChart® 7.  
 Duration of breaths: The duration of each one of the 3 breaths (before, during 
and after the swallow) was calculated. In order to calculate the total duration 
of each breath (Ttot), the duration of the inspiration (TI) and expiration (TE) 
were manually identified in the respiratory signal, as shown in Image 9. 
Despite effort to keep movement to the minimum, all breaths with artifacts 
caused by noise, coughing, laughing, talking and throat clearing were 
excluded. In addition, the following criteria were used:  
- If the swallowing apnea was at the end of a complete breath (the 
swallow takes place in between 2 complete breaths), then the first 
breath was counted as before the swallow and the second as after the 
swallow. No breath was counted during the swallow. 
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- If a second breath (or more) was required for completion of one task, all 
breaths were counted, as well as the number of breaths. 
- If secondary swallows were present in the same breath with the initial 
swallow, the entire breath was counted, as well as the number of 
swallows. 
- If secondary swallows followed in different breaths, the first breath with 
no swallow was counted as the breath after swallow. 
 Secondary swallows: A secondary swallow was defined as any swallow that 
followed the first cued swallow within 15sec of the initial swallow or 5sec 
after the first secondary swallow. 
- If the secondary swallows were in the same breath with the cued swallow, 
the breath was counted as usual.  
- If the secondary swallows were in separate breaths, only the number of 
secondary swallows was counted and not the breaths. 
- All secondary breaths in the 3 tasks (thin 5ml, thin  100ml, solid) were 
counted, however, in the case of 100ml thin liquid, since it is sequential 
cup drinking, secondary swallows were counted only  
after the entire liquid had been swallowed. 
 Breathing pattern when swallow occurred: The phase of the breathing cycle 
during which a cued swallow occurred was manually identified and placed in 
one of the following categories: 
- ESE (or 0)  Ex/Ex: expiration before the swallow followed by 
expiration after the swallow. 
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- ESI (or 1)  Ex/In: expiration before the swallow, followed by inspiration 
after the swallow. This pattern occurred when the subjects swallowed 
between 2 complete breaths. 
- ISI (or 2)  In/In: Inspiration before the swallow, followed by inspiration 
after the swallow. 
- ISE (or 3)  In/Ex: inspiration before the swallow, followed by expiration 
after the swallow. 
 
Figure 10.  Respiratory signal calculations 
 
 
2. Tests of Reliability 
Since the majority of the markings on the respiratory waveform were completed 
manually, inter-rater reliability was tested. For this purpose, a second rater was recruited. 
The second rater (Rater B) was a graduate SLP student (first year Masters student) with 
no prior research experience and no experience with EMG data and respiratory 
waveforms. The student underwent training by the primary researcher (Ioanna Malatra – 
Rater A), as described below. 
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The training began by having Rater B watch Rater A while processing the 
respiratory waveform of a randomly selected subject. On a subsequent step, Rater A and 
Rater B processed together the waveform of another randomly selected subject. After this 
step was completed, Rater B processed independently the waveform of a third randomly 
selected subject, and once completed, Rater A checked the waveform to ensure Rater’s B 
comprehension of the task. After this step, the training was completed, and Rater B 
processed 10% of the entire data set (5 subjects) independently. The subjects that were 
analyzed by Rater B, were selected randomly and differed from those that were used to 
train rater B. When Rater B completed the data processing, tests of inter-rater reliability 
were performed. 
The intraclass correlation coefficients (ICCs) were calculated for all continuous 
variables, and the Kappa statistic for the categorical variable Pattern (breathing-
swallowing coordination pattern). The statistical results of all tests performed can be seen 
in Tables 2 and 3. Overall, results indicated very good agreement between the two raters 
in all variables tested.  
Specifically, the single measures ICC was 0.968 (F=62.126, p<0.01) for the time 
point that breath begins (TtotBeg), 0.984 (F=126.502, p<0.01) for the time point where 
inspiration ends (InspEnd), 0.997 (F=575.437, p<0.01) for the time point where breath ends 
(TtotEnd), 0.751 (F=7.047, p<0.01) for the time point where apnea begins (ApBeg), 0.956 
(F=44.719, p<0.01) for the time point were apnea ends (Apend) and 0.993(F=270.417, 
p<0.01) for the total duration of the apneic period (Tapnea). In the case of the 100ml task, 
ICC was 0.956 (F=44.433, p<0.01) for the number of apneas contained in the breath 
cycle (Nap), 0.899 (F=18.869, p<0.01) for the number of breaths (Nb_100) and 0.978 
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(F=89.091, p<0.01) for the number of swallows required to swallow 100ml of water 
(Nsw_100). ICC was 0.977 (F=85.157, p<0.01) for secondary swallow frequency (Fss) and 
0.973 (F=73.495, p<0.01) for respiratory rate (RR). 
In the case of the categorical variable pattern (P), an interrater reliability analysis 
using the Kappa statistic was performed to determine consistency among raters. The 
interrater reliability for the two raters was found to be Kappa = 0.922 (p < 0.001). 
 
 
Table 2. Intraclass Correlation coefficients  
(TtotBeg: Breath beginning, InspEnd: End of inspiration, TtotEnd: Breath end, ApBeg: Apnea beginning, ApEnd: 
Apnea end, Tapnea: Duration of apnea, Nap: Number of apneas, Nb_100: Number of breaths in 100ml task, 











Value df1 df2 Sig Nex/Ntot % 
TtotBeg 0.968 0.961 0.974 62.126 325 325 0.000 56/382 14.7 
InspEnd 0.984 0.981 0.987 126.502 339 339 0.000 19/359 5.3 
TtotEnd 0.997 0.996 0.997 575.437 364 364 0.000 17/382 4.5 
ApBeg 0.751 0.645 0.829 7.047 89 89 0.000 0/90 0 
ApEnd 0.956 0.934 0.971 44.719 89 89 0.000 0/90 0 
Tapnea 0.993 0.99 0.995 270.417 134 134 0.000 0/135 0 
Nap 0.956 0.921 0.976 44.433 44 44 0.000 0/45 0 
Nb_100 0.899 0.824 0.943 18.869 44 44 0.000 0/45 0 
Nsw_100 0.978 0.96 0.988 89.091 44 44 0.000 0/45 0 
RR 0.973 0.922 0.991 73.495 14 14 0.000 0/15 0 














Sig Data excluded 
    Nex/Ntot % 
Pattern Kappa 0.922 0.028 20.055 0.000 0/135 0 
 
 
3. Statistical Analysis 
Statistical analysis was carried out utilizing the Statistical Package for Social 
Science (SPSS 22.0 for Windows). Descriptive statistics and inferential statistics were 
conducted to test the research questions and to allow for detailed analysis of differing 
measures and variances between individuals. For all research questions repeated 
measures multivariate analysis of variance (MANOVA) was completed in order to test 
each of the questions.  An exception was research question 2 (pattern of breathing-
swallowing coordination), for which multinomial logistic regression was conducted since 
the dependent variable was nominal. For all tests conducted, the alpha level was 0.05. 
Detailed description of the statistical analysis and statistical methods used for each 












Descriptive and inferential statistics were conducted for all variables of interest 




Demographic data were collected for research participants and the results are 
presented below. Descriptive statistics were conducted to measure the mean, standard 
error, standard deviation, and variance of each of the subject variables (see Table 4). Fifty 
four subjects were randomly assigned into two groups, MEP and MIP. Twenty eight 
subjects participated in the MEP group and 26 in the MIP group. Mean age of the MEP 
group was 27.54years. A paired t-test was conducted to check for significant age 
differences between the two subject groups. The subject groups did not differ 
significantly with regards to their age (t=0.497, p=0.623). MEP subjects had a mean 
height of 1.7m and a mean weight of 63.59kg. Of the MEP subjects, 16 were female and 
12 were male (see Table 5). The MIP group had a mean age of 25.92years, a mean height 
of 1,71m and a mean weight of 68,08kg. Of the 26 participants in the MIP group, 13 were 
male and 13 were female (see Table 5). The majority of the research participants 
indicated that they were exercising (85.7% in the MEP group and 71.4% in the MIP 
group). Mean frequency of exercise was 3.29h/week in the MEP group and 3.18h/week in 
the MIP group (see Table 5). Most of the subjects in both groups indicated that they were 
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running (26% MEP, 31% MIP). In the MEP group, the most frequent type of exercise 
was running, followed by weight-lifting (16%) and some type of cardiovascular exercise 
(16%) (see Figure 11). In the MIP group, the majority of the subjects reported that they 
were running, followed by walking (18%) and weight-lifting (15%) (see Figure 12). 
Table 4 
Descriptive Statistics – MEP and MIP subject groups 
 












MEP        
Age 
(years) 
27.54 1.28 6.76 45.67 30 20 50 
Height 
(m) 
1.7 .016 .087 .008 0.35 1.52 1.87 
Weight 
(kg) 
63.59 2.09 11.06 122.28 35 50 85 
Exercise 
(h/week) 
3.29 0.46 2.02 4.06 6 1 7 
MIP        
Age 
(years) 
25.92 .75 3.80 14.47 13 21 34 
Height 
(m) 
1.71 0.02 0.11 0.012 0.39 1.52 1.91 
Weight 
(kg) 
68.08 3.19 16.25 264.07 56 44 100 
Exercise 
(h/week) 
3.18 0.51 2.29 5.24 6.5 0.5 7 
 
Table 5 
Sex and Exercise Frequencies – MEP and MIP subject groups 
 
 MIP  MEP  
Frequency Percent  Frequency  Percent 
Sex       
Female 13 46.4  16  57.1 
Male 13 46.4  12  42.9 
 
Exercise 
      
No 6 21.4  4  14.3 






















































Type of exercise - MIP Group 
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B. Inferential Statistics / Hypotheses Testing 
1. Research Questions 
1.1 Research Question 1 (RQ 1) 
RQ: Are there differences in the muscle recruitment pattern of the submentals and 
infrahyoids associated with swallowing, during several different swallowing conditions 
before, following respiratory muscle fatigue and following recovery? 
 
A Repeated Measures MANOVA was conducted to test for sEMG Integral 
differences. The design was mixed with 3 within-subjects factors (Muscle Group-MG (2) 
x Task-T (3) x Condition/Time-C (3)) and Subject Group-SG (2 levels) as a Between-
Subjects variable. Descriptive statistics of the variable sEMG Integral are presented in 
Table 6. All the statistics (Pillai’s Trace, Wilks’ Lamda, Hotelling’s Trace, Roy’s Largest 
Root) of the Multivariate F tests were significant at the 0.05 level for each of the 
variables Muscle Group, Task, Muscle Group x Task and Condition x Subject Group 
(Table 7). From these multivariate tests we can conclude that sEMG Integral is 
significantly different between the 2 muscle groups (F=5.627, p=0.021) and between the 
3 tasks (F=19.181, p<0.001). Also, the interaction between Condition and Subject group 
was significant for sEMG Integral (F= 4.037, p=0.024). Finally, there was a significant 
interaction effect between Muscle Group and Task (F=3.207, p=0.049) and a significant 
interaction effect between Muscle Group, Condition and Subject Group F(1.17, 
60.73)=5.613, p=0.097. The variable Condition was not significant (F=1.765, p=0.181), 
as well as the interactions MGxSG (F=1.972, p=0.166), TxSG (F=1.377, p=0.262), 
MGxTxSG (F=0.784, p=0.462), MGxC (F=1.927, p=0.156), TxC (F=1.057, p=0.388), 
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TxCxSG (F=1.204, p=0.321), MGxTxC  (F=0.916, p=0.462) and MGxTxCxSG 
(F=0.968, p=0.433). Of the four Multivariate statistics, the Wilks’ lambda (Wilks’۸) is 
reported. 
These results were followed by post-hoc comparisons (Table 8) in order to further 
explore the significant differences. Bar graphs of the mean sEMG Integral of the 2 
muscle groups for all tasks and all conditions within both Subject Groups can be seen in 
Figure 13. 
 Post-hoc comparisons with a Bonferroni adjustment were further conducted to 
explore the significant differences. sEMG integral was significantly higher for submental 
muscles compared to infrahyoids (F=5.627, p=0.021). The submentals had a mean 
integral of 45.977 and mean integral of the infrahyoids was 17.332. The effect of task 
was further explored. The sEMG integral for swallowing 100ml of water was 
significantly higher from the sEMG integral for swallowing 5ml of water (Mean 
difference of 100ml-5ml=19.793, p=0.000), but not from the one for swallowing a solid 
bolus (Mean difference of 100ml-Solid=5.908, p=0.125). Also, the sEMG Integral for the 
solid task was significantly higher from the 5ml sEMG Integral (Mean Difference= 
13.884, p=0.026).  
 Post-hoc analysis for the interaction of Condition by Subject Group did not reveal 
significant differences between the two subject groups within each of the 3 conditions. 
Pairwise comparisons of the mean differences of the means of the 3 conditions within 
each Subject Group were statistically significant for the MEP group (F=4.387, p=0.017) 
but not for the MIP group (F=1.521, p=0.228). Within the MEP group, sEMG Integral 
during the Fatigued condition was significantly higher from both the baseline (Mean 
64 
 
Difference= 36.256, p=0.031) and post-rest conditions (Mean Difference= 22.943, 
p=0.013). 
Post-hoc analysis for the interaction of Muscle Group by Task was conducted. 
Overall, sEMG Integral of the submental muscles was higher across all 3 tasks compared 
to sEMG Integral of the infrahyoids, although the difference between the 2 muscle groups 
was not shown to be significant with post-hoc tests when swallowing 100ml of water 
(Mean Difference of I-J for 5ml= 18.189, p=0.031; Mean Difference of I-J for 100ml= 
26.384, p=0.051; Mean Difference of I-J for Solid= 18.189, p=0.031). When looking at 
task differences within each muscle group, significant differences were found in both 
muscle groups (Submentals: F=5.819, p=0.005; Infrahyoids: F=65.966, p=0<001). In the 
submental muscle group, sEMG Integral for drinking 5ml of water was significantly 
smaller from sEMG Integral of both the 100ml and solid tasks (Mean Difference of 5ml-
100ml =-23.89, p=0.004; Mean Difference of 5ml-Solid = -25.471, p=0.046), but no 
sEMG Integral differences were found between the 100ml and solid tasks. In the 
infrahyoid muscle group, sEMG integral for drinking 100ml of water was significantly 
higher from the other two tasks, 5ml and solid (Mean Difference of 100ml-5ml =15.695, 
p<0.001; Mean Difference of 100ml-Solid = 13.397, p<0.001), but no differences were 
found between the 5ml and solid tasks. 
Post-hoc analysis for the significant interaction of Condition by Muscle Group by 
Subject Group was conducted. Significant differences between conditions were revealed 
for both Muscle Groups within the MEP subject group (Submentals: F=4.684, p=0.014; 
Infrahyoids: F=7.023, p=0.002), however, within the MIP subject group, significant 
differences were found only for the infrahyoid muscle group (Submentals: F=0.69, 
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p=0.506; Infrahyoids: F=31.496, p<0.001). Pairwise comparisons with a Bonferroni 
adjustment showed that sEMG Integral during the fatigued condition of the submental 
muscle group within the MEP subject group was significantly higher from both the 
baseline and post-rest conditions (Mean Difference of Fatigued-Baseline =77.778, 
p=0.018 and Mean Difference of Fatigued-PostRest =47.674, p=0.01), but no difference 
was found between the baseline and post-rest condition . However, for the infrahyoid 
muscle group within the MEP subject group, sEMG Integral was significantly reduced 
during the fatigued condition compared to both the baseline and post-rest conditions 
(Mean Difference of Fatigued-Baseline =-5.266, p=0.016 and Mean Difference of 
Fatigued-PostRest =-1.788, p=0.002). Again, no difference was found between the 
baseline and post-rest conditions.  
 Within the MIP subject group, all 3 conditions different significantly between 
each other for the infrahyoid muscle group, but no differences were found for the 
submentals, as explained earlier. sEMG Integral of the infrahyoids during the fatigued 
condition was significantly reduced compared to both the baseline and post-rest 
conditions (Mean Difference of Fatigued-Baseline =-13.299, p<0.001 and Mean 
Difference of Fatigued-PostRest =-3.602, p<0.001). Also, sEMG Integral was 
significantly reduced during the post-rest condition compared to baseline condition 
(Mean Difference of PostRest-Baseline =-9.697, p<0.001).  
A pairwise muscle group comparison within each subject group revealed 
significant differences between the 2 muscle groups only within the MEP group during 
the fatigued and post-rest conditions (Fatigued: F=10.225, p=0.002; Post-Rest: 
F=5.425,p=0.024). sEMG Integral of the submental muscle groups within the MEP 
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subject group was significantly higher during the fatigued and post-rest conditions 
compared to sEMG integral of the infrahyoids (Fatigued: Mean difference Submental-
Infrahyoid= 89.772, p=0.002; Post-Rest: Mean difference Submental-Infrahyoid= 40.31, 
p=0.024). 
Subject Group pairwise comparisons for the interaction CxMGxSG revealed   
significantly higher sEMG Integral of the submental muscles in the MEP group during 
the fatigued condition (Mean difference MEP-MIP= 83, p=0.046). sEMG Integral of the 
submental muscles was significantly smaller in the MIP group during the baseline 
condition (Mean difference MEP-MIP= -9.221, p=0.016). No other significant subject 
group differences were identified. 
 
 
Table 6. Descriptive Statistics for the Variable sEMG Integral (in mV.s) 
 
Descriptive Statistics 
MuscleGroup Task Condition SubjGroup Mean Std. Deviation N 
Submentals 5ml Baseline MEP 14.917 19.33513 28 
MIP 36.962 113.62495 26 
Total 25.532 80.02492 54 
Fatigue MEP 67.292 134.38182 28 
MIP 9.898 12.58701 26 
Total 39.658 100.55966 54 
Rest MEP 31.866 63.99372 28 
MIP 16.202 32.34142 26 
Total 24.324 51.40062 54 
100ml Baseline MEP 33.202 38.75081 28 
MIP 55.4710 91.49396 26 
Total 43.9240 69.56850 54 
Fatigue MEP 96.1590 182.10423 28 
MIP 26.0992 23.19498 26 
Total 62.4265 135.63234 54 
Rest MEP 75.5398 171.95273 28 
MIP 34.0079 45.67081 26 
Total 55.5430 128.39567 54 
Solid Baseline MEP 26.0995 21.42042 28 
MIP 46.4560 95.38449 26 
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Total 35.9008 68.04966 54 
Fatigue MEP 144.1007 327.50127 28 
MIP 22.5555 33.54254 26 
Total 85.5789 242.75284 54 
Rest MEP 57.1255 121.14016 28 
MIp 33.6250 70.17373 26 
Total 45.8104 99.69554 54 
Infrahyoids 5ml Baseline MEP 11.6092 9.57180 28 
MIP 20.8264 14.94491 26 
Total 16.0471 13.17719 54 
  Fatigue MEP 7.3281 5.85100 28 
MIP 7.6968 3.46913 26 
Total 7.5056 4.81159 54 
Rest MEP 9.6465 8.58169 28 
MIP 10.8977 6.20150 26 
Total 10.2489 7.48709 54 
100ml Baseline MEP 26.2005 14.84084 28 
MIP 39.7909 24.61820 26 
Total 32.7440 21.09644 54 
Fatigue MEP 20.4229 8.93412 28 
MIP 24.7842 9.34328 26 
Total 22.5228 9.31013 54 
Rest MEP 21.8458 9.23124 28 
MIP 29.1303 12.88506 26 
Total 25.3532 11.62854 54 
Solid Baseline MEP 16.2236 13.53751 28 
MIP 21.0787 15.95638 26 
Total 18.5612 14.81398 54 
Fatigue MEP 10.4857 10.54174 28 
MIP 9.3182 5.72126 26 
Total 9.9236 8.50878 54 
Rest MEP 12.1086 10.63893 28 
MIP 12.5770 8.32106 26 


















Error df        F        p Partial 
Eta 
Squared 
      
MuscleGroup  0.902 1        52 5.627   0.021* 0.098 
Task  0.571    2        51     19.181     0.000*      0.429 
Condition(Time) 
*SubjGroup 
       0.863              2           51      4.037    0.024*     0.137 
MuscleGroup 
*Task 
       0.888 2        51 3.207 0.049* 0.112 




































Table 8   
Post-hoc Results for Condition by Muscle Group by Subject Group 
 
Pairwise Comparisons for Condition within Muscle Group within Subject Group 
Measure:   sEMGIntegral   
SubjGroup MuscleGroup (I) Condition (J) Condition 
Mean 
Difference (I-J) Std. Error Sig.
b
 
MEP Submental Baseline Fatigued 
-77.778
*
 27.193 .018 
Post-Rest -30.104 15.109 .155 
Fatigued Baseline 77.778
*
 27.193 .018 
Post-Rest 47.674
*
 15.476 .010 
Post-Rest Baseline 30.104 15.109 .155 
Fatigued -47.674
*
 15.476 .010 
Infrahyoid Baseline Fatigued 5.266
*
 1.814 .016 
Post-Rest 3.477 1.600 .103 
Fatigued Baseline -5.266
*
 1.814 .016 
Post-Rest -1.788
*
 .494 .002 
Post-Rest Baseline -3.477 1.600 .103 
Fatigued 1.788
*
 .494 .002 
MIP Submental Baseline Fatigued 
26.779 28.219 1.000 
Post-Rest 18.352 15.679 .741 
Fatigued Baseline -26.779 28.219 1.000 
Post-Rest -8.427 16.060 1.000 
Post-Rest Baseline -18.352 15.679 .741 
Fatigued 8.427 16.060 1.000 
Infrahyoid Baseline Fatigued 13.299
*
 1.883 .000 
Post-Rest 9.697
*
 1.660 .000 
Fatigued Baseline -13.299
*
 1.883 .000 
Post-Rest -3.602
*
 .513 .000 
Post-Rest Baseline -9.697
*
 1.660 .000 
Fatigued 3.602
*
 .513 .000 
Based on estimated marginal means  
*. The mean difference is significant at the .05 level. 






Figure 13. Bar graphs of the Mean sEMG Integral (in mV.s) across the 3 different 
conditions (Baseline, Fatigued, Post-Rest) for the 3 tasks (5ml, 100ml, solid) by 
Muscle Group (Submental, Infrahyoid) and Subject Group(MEP, MIP) – Overall, 
mean sEMG Integral is higher in the MEP group. Mean sEMG Integral of the submental 
muscles is higher in both subject groups for all 3 tasks across all 3 conditions. sEMG 
Integral decreases during the fatigued condition and tends to return to baseline in both 
subject groups and muscle groups, besides the submental muscle group of the MEP 
subject group. In this case, sEMG Integral increases during the fatigued condition and 
there is a tendency to return to baseline after rest. These patterns are consistent across all 




Effects of Demographic Variables 
 
A Repeated Measures MANCOVA was conducted to test for effects of age, sex 
and Body Mass Index (BMI). The design was mixed with 3 within-subjects factors 
(Muscle Group-MG (2) x Task-T (3) x Condition/Time-C (3)) and Subject Group-SG (2 
levels) and Sex as the Between-Subjects variables. Age and BMI were mean-centered 
and were entered as covariates. 
In addition to the significant results mentioned previously, results revealed 
significant interaction effects of Muscle Group by Sex (F=5.1, p=0.029) and  Muscle 
Group by Task by Sex (F=3.583, p=0.036) and a significant interaction effect of 
Condition by Muscle Group by Task by Sex (2.755, p=0.039). No effects of age and BMI 
on sEMG Integral were found. 
Further post-hoc analysis revealed that male subjects had significantly greater 
submental sEMG Integrals compared to female subjects (Mean Difference=55.281, 
p=0.032). Additionally, submental sEMG integral during the solid task was significantly 
greater in male subjects compared to female subjects (Mean Difference=78.983, p=0.02). 
Finally, male subjects had greater submental sEMG Integrals during the fatigued 
condition on both the 100ml and solid tasks compared to female subjects (Mean 
Difference=83.813, p=0.025 and Mean Difference=157.978, p=0.018). 
 
Effects of number of PEmax/PImax maneuvers 
 
 A repeated-measures MANCOVA was conducted to test for an effect on EMG 
Integral of the number of maneuvers performed by each subject in order to reach the 
fatigued state. The design was mixed with 3 within-subjects factors (Muscle Group-MG 
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(2) x Task-T (3) x Condition/Time-C (3)) and Subject Group-SG (2 levels) as a Between-
Subjects variable. The Number of Maneuvers was entered as a covariate. The covariate 
was mean-centered.  
All the statistics (Pillai’s Trace, Wilks’ Lamda, Hotelling’s Trace, Roy’s Largest 
Root) of the Multivariate F tests were significant at the 0.05 level for each of the 
variables Muscle Group, Task, Condition x Subject Group and Muscle Group x 
Condition x Subject Group (Table 9). No significant interaction effect with the covariate 
was found.  
From these multivariate tests we can conclude that there is a significant main effect 
of muscle group (F=5.925, p=0.018) and task (F=18.88, p=0.000) and significant 
interaction effects of Condition x Subject Group (F=4.214, p=0.02) and Muscle Group x 
Condition x Subject Group (F=3.236, p=0.048) even when we control for the number of 
maneuvers performed by each subject. Of the four Multivariate statistics, the Wilks’ 




















Error df        F        p Partial 
Eta 
Squared 
MuscleGroup .896 5.925b 1000 51.000 .018* .104 
MGxNoManvrs .930 3.836b 1.000 51.000 .056 .070 
MGxSG .042 2.223b 1.000 51.000 .142 .042 
Task .570 18.880b 2.000 50.000 .000* .430 
TxNoManvrs .991 .223b 2.000 50.000 .801 .009 
T xSG .948 1.368b 2.000 50.000 .264 .052 
Condition .935 1.748b 2.000 50.000 .185 .065 
CxNoManvrs .962 .995b 2.000 50.000 .377 .038 
CxSG .856 4.214b 2.000 50.000 .020* .144 
MGxT .888 3.147b 2.000 50.000 .052 .112 
MGxT xNoManvrs .981 .482b 2.000 50.000 .620 .019 
MGxTxSG .969 .811b 2.000 50.000 .450 .031 
MGx C .927 1.955b 2.000 50.000 .152 .073 
MGxC xNoManvrs .956 1.149b 2.000 50.000 .325 .044 
MGxCxSG .885 3.236b 2.000 50.000 .048* .115 
TxC .919 1.058b 4.000 48.000 .388 .081 
TxCxNoManvrs .925 .971b 4.000 48.000 .432 .075 
TxCxSG .906 1.247b 4.000 48.000 .304 .094 
MGxTxC .926 .955b 4.000 48.000 .441 .074 
MGxTxCxNoManvrs .916 1.097b 4.000 48.000 .369 .084 
MGxTxCxSG .923 1.002b 4.000 48.000 .416 .077 




Results summary for Research Question 1 (sEMG Integral) 
Summarizing the results concerning sEMG Integral that were presented in this 
section, we can conclude that significant differences in the muscle recruitment patterns of 
the submental and infrahyoid muscles exist between the two subject groups during the 
three different experimental conditions and the 3 different tasks. Specifically, for both 
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MEP and MIP subject groups, infrahyoid sEMG integral significantly decreases during 
the fatigued condition compared to the baseline and post-rest conditions across all tasks. 
However, submental sEMG integral of the MEP subject group, significantly increases 
during the fatigued condition across all 3 swallowing tasks. This pattern is not observed 
in the MIP subject group. These results remain the same even when controlling for 
effects of age, sex, BMI and effects of the number of PEmax/PImax maneuvers thst were 
performed by the subjects. 
Additionally, significant differences in sEMG Integral were found between the 
male and female subjects. Overall, male subjects had significantly greater submental 
sEMG Integrals compared to female subjects. Male subjects had greater submental sEMG 
Integrals during the fatigued condition on both the 100ml and solid tasks compared to 
female subjects. 
With regards to the results presented above, we can conclude that there are 
significant differences in the muscle recruitment pattern of the submentals and 
infrahyoids associated with swallowing, during several different swallowing conditions 










1.2 Research Question 2 (RQ 2) 
RQ: Are there differences in the pattern of breathing-swallowing coordination (pattern 
P) during several different swallowing conditions before, following respiratory muscle 
fatigue and following recovery? 
 
A Mixed-Model Multinomial Logistic Regression was conducted to test for 
breathing-swallowing coordination pattern differences between the 2 subject groups, the 
3 tasks and the 3 conditions. The dependent variable was Pattern with 4 levels (ESE, ESI, 
ISI, ISE). Subject Group (2 levels-MEP, MIP), Task (3 levels-5ml, 100ml, Solid), 
Condition (3 levels- Baseline, Fatigued, Post-Rest) and their interactions were used as 
fixed effects. Subject ID was the Random effect. Each subject performed 3 trials of each 
task with a total of 27 swallows per subject recorded (9 swallows in each of the three 
conditions). A total of 1254 swallows were analyzed for a total of 47 subjects (23 in the 
MEP group and 24 in the MIP group). 
Descriptive statistics for the variable Pattern are presented in Table 10. Also, the 
frequencies of each pattern are presented in Figure 14. The most common pattern was 
ESE (48.09%), followed by ESI (23.76%) and ISI (16.11%). The pattern ISE occurred 
less frequently. Only 12.04% of the total swallows recorded was the pattern ISE.  
Results revealed significant pattern differences (F=8.375, p=0.000). Pattern was 
significantly different between the 3 tasks (F=26.674, p=0.000) and between the 3 
conditions (F=24.54, p=0.000). In addition, all the 2-way interactions were significant. 
The interaction of Group by Task was significant at the 0.05 level (F=5.338, p=0.000). 
Similarly, for the interactions of Group by Condition and Task by Condition, the F 
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statistics were 3.11 (p=0.005) and 0.886 (p=0.000) respectively. No pattern differences 
were found between the 2 subject groups (F=0.209, p=0.89). Results are presented in 
Table 11 below.  
Further comparisons were conducted for each of the four different patterns (Table 
12). When ISE was used as the reference category, the pattern ESE was significantly 
more likely to occur compared to ISE (p=0.000). ESI was more likely to occur compared 
to ISE when the SG was MEP (p=0.007) and when the task was 100ml (p=0.000). It was 
significantly less likely to occur in baseline condition (p=0.003) and in 100ml (p=0.000) 
or the fatigued condition (p=0.026), both within the MEP subject group. ISI was 
significantly less likely to occur compared to ISE (p=0.014), especially in the fatigued 
condition within the MEP group (p=0.01). It occurred more frequently in the fatigued 
condition (p=0.000) and when the task was 5ml (p=0.035) or 100ml (p=0.000). 
When the different patterns were compared to ESE, ESE was the most frequent 
pattern. ISE was significantly less likely to occur (p=0.000). ISI was also less likely to 
occur (p=0.000), especially in the 100ml task and in the fatigued condition, both within 
the MEP subject group (p=0.042 and p=0.009 respectively), as well as in the 5ml task of 
the fatigued condition (p=0.015). However, it was more likely to occur in the 5ml 
(p=0.022) and 100ml (p=0.000) tasks and in the fatigued condition (p=0.000). 
When ESE was compared to ISI, ESE occurred significantly more (p=0.000), and 
in particular in the 100ml task and the fatigued condition, both within the MEP subject 
group (p=0.029 and p=0.008 respectively), as well as during the fatigued condition of the 
5ml task (p=0.016). ESE occurred less frequently in the 5ml (p=0.022) and 100ml 
(p=0.000) tasks and in the fatigued condition (p=0.000). ESI occurred more in the MEP 
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subject group (p=0.029), in the fatigued condition of the 5ml (p=0.009) task and the 
baseline condition of the 100ml (p=0.033) task. It occurred less frequently in the fatigued 
condition (p=0.002) and in the 5ml and 100ml tasks, both within the MEP subject group 
(p=0.032 and p=0.017). ISE occurred less frequently in the 5ml (p=0.038) and 100ml 
tasks (p=0.000) and in the fatigued condition (p=0.000), but it was more likely to occur in 
the fatigued condition within the MEP subject group (p=0.009). 
Finally, all patterns were compared to the pattern ESI. In this case, ESE occurred 
more frequently (p=0.000), especially in the baseline condition (p=0.001), and in the case 
of the MEP subject group, in the fatigued condition (p=0.024) and in the 5ml (p=0.001) 
and 100ml tasks (p=0.000). However, overall it occurred less in the MEP group 
(p=0.000). It also occurred less frequently compared to ESI in the fatigued condition 
(p=0.001), in the 100ml task (p=0.000) and in the baseline condition of the 100ml task 
(p=0.001). ISI occurred more in the fatigued condition (p=0.002), except in the case of 
5ml (p=0.009), and it occurred more in the 5ml (p=0.037) and 100ml (p=0.02) tasks 
within the MEP group. However, overall, this pattern was less frequent in the MEP group 
(p=0.027). ISI also occurred less frequently in the baseline condition of the 100ml task 
(p=0.034). ISE was less frequent in the MEP group (p=0.011) and when the task was 
100ml (p=0.000), but it occurred more frequently in the baseline condition (p=0.004). 
Within the MEP group, it was more likely to occur when the task was 100ml (p=0.001) 






Table 10  Frequencies of the 4 different breathing-swallowing coordination patterns 
 
Pattern 
 Frequency Percent Valid Percent 
Valid ESE 603 47.5 48.1 
ESI 298 23.5 23.8 
ISI 202 15.9 16.1 
ISE 151 11.9 12.0 
Total 1254 98.8 100.0 
Missing System 15 1.2  
Total 1269 100.0  
 
 










Figure 15. Clustered bar graphs of the mean predicted probabilities of the four 
breathing-swallowing coordination patterns (ESE, ESI, ISI, ISE) across the 3 
different conditions (Baseline, Fatigued, Post-Rest) for the 3 tasks (5ml, 100ml, 
solid) and the 2 Subject Groups (MEP, MIP)  
 
Note: In Baseline condition, the most frequently occurring pattern for both subject 
groups is ESE in the case of the 5ml and solid tasks, followed by ISE. The probability for 
any of the other two patterns to occur, ESI and ISI, is extremely small. However, this is 
not true in the case of 100ml. In 100ml baseline, subjects are much more likely to use 
pattern ESI, followed by ESE, followed by ISE. This is true for both subject groups. 
However, the presence of fatigue makes subjects change the pattern. Within the MEP 
subject group, in the 5ml task, subjects are most likely to use ESE, although the 
probability is smaller compared to baseline, and they are also somewhat likely to use 





most likely to occur pattern is ISI, followed by ESI, followed by ESE. The ESE 
probability, although a little decreased, does not appear to change much compared to 
baseline. Within the MIP group, ISI is the most likely pattern in all 3 tasks. In the 5ml 
and solid tasks, the second most likely pattern is ESE, followed by ESI. The probabilities 
of ESE and ISE are much smaller compared to baseline. In the 100ml task, the second 
most likely pattern is ESI, while, ESE and particularly ISE are not very likely to occur. 
After the 15min rest, the subjects for the most part tend to go back to their baseline 
patterns. So, during the Post-Rest condition, in the 5ml task, the most likely pattern for 
both subject groups is ESE. Subjects in the MEP group are somewhat likely to have 
pattern ISI followed by ESI while subjects in the MIP group are somewhat likely to have 
ISI, followed by ISE, followed by ESI. In the 100ml task, subjects in the MEP group are 
more likely to have the patterns ESI followed by ESE, and less likely to have the patterns 
ISI and ISE. Results are similar for the MIP group, but the probability of having the 
pattern ESI is much greater compared to ESE. When it comes to the solid task, the most 
likely pattern for both groups is ESE. In the MIP group, almost all subjects have the 
pattern ESE and the rest have pattern ISE. The probability of the other two patterns is 
very small. In the case of the MEP group, it is likely for the subjects that do not have 
pattern ESE, to present with pattern ESI and somewhat likely to have pattern ISE. The 





Mixed-Model Multinomial Logistic Regression – Test results for differences in breathing-
swallowing coordination pattern 
 
Source F df1 df2 p 



































Table 12  Significant Fixed Coefficients 
Multinomial Logistic Regression – Test Results for ESE, ESI, ISE to ISI pattern 
comparisons  

















































































































3.622 1.139 11.53 

































































































Results summary for RQ2 (Pattern of breathing-swallowing coordination) 
 
Summarizing the results presented in this section, we can conclude that significant 
diiferences exist in the occurrence of the four main patterns of breathing-swallowing 
coordination between the various swallowing tasks during the three different 
experimental conditions. In particular, in the baseline condition the most frequent pattern 
to occur was ESE in both subject groups and for all tasks except 100ml. In this case, the 
most frequently occurring pattern was ESI followed by ESE and ISE in both subject 
groups. With the exception of ESI in the 100ml task, frequency of occurrence of the two 
patterns followed by inspiration, especially ISI, was very small in both subject groups. 
However, the presence of fatigue significantly changed the frequency of occurrence of 
the various patterns that was observed during the baseline condition. Specifically, in the 
fatigued condition, the frequency of occurrence of the patterns followed by inspiration 
increased, making them the predominant patterns in both subject groups and across all 
tasks, except the solid task in the expiratory group (although the frequency of occurrence 
of these patterns increased in the solid task, too). Although the occurrence of patterns 
followed by inspiration  increased in both subject groups, the increase in the occurrence 
of the patterns ESI and ISI was significantly greater in the MIP subject group compared 
to the MEP subject group. After the 15-min rest period, frequency of occurrence of the 
various patterns approximated that observed in baseline condition. This was true across 
all tasks in both subject groups. 
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In summary, we can conclude that the presence of fatigue increased the 
occurrence in swallows followed by inspiration across all tasks in both subject groups, 









































1.3 Research Question 3  (RQ 3) 
RQ: Are there differences in the duration of inspiratory and expiratory cycles associated 
with swallowing (Duty Cycle), during several different swallowing conditions before, 
following respiratory muscle fatigue and following recovery? 
 
A Repeated Measures MANOVA was conducted to test for differences in duty 
cycle. The design was mixed with 3 within-subjects factors with 3 levels each (Task-T 
(3) x Condition/Time-C (3) x Breath (3)) and Subject Group-SG (2 levels) as a Between-
Subjects variable. Descriptive statistics of the RQ3 variables can be found in Table 13. 
All the statistics (Pillai’s Trace, Wilks’ Lamda, Hotelling’s Trace, Roy’s Largest Root) of 
the Multivariate F tests were significant at the 0.05 level for each of the variables Breath, 
Breath x Group, Breath x Task and Task x Condition (Table 14). Duty cycle is 
significantly different between the 3 breaths (F=25.3, p=0.000). In addition, there are 
differences in the duty cycle of the 3 breaths between the 2 subject groups (F=5.507, 
p=0.016). Also, there are differences in duty cycle of each breath between the 3 tasks 
(F=0.487, p=0.04). Duty cycle differs between the 3 different conditions within the 3 
tasks. The variables Condition, Task and all the remaining 2-way, 3-way and 4-way 
interactions were not significant. Thus, results indicated that there was no significant 
main effect of fatigue in the inspiratory to expiratory ratio but there was a significant 
interaction effect with Task.  
Post-hoc tests with a Bonferroni adjustment were conducted to further explore the 
significant differences (Table 15). The duty cycle was significantly smaller during Breath 
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B compared to Breaths A and C (Mean difference B-A= -0.167, p=0.000 and Mean 
difference B-C= -0.164, p=0.000).  
Post-hoc tests for the interaction Breath x Group revealed a larger duty cycle of 
Breath B for the MIP group compared to the MEP group (Breath B: Mean difference MIP-
MEP= 0.148, p=0.007). Pair-wise comparisons of the 3 breaths within each Subject Group 
showed that duty cycle of Breath B was significantly smaller compared to duty cycle of 
the other two breaths, A and C (MEP: Mean difference B-A= -0.237, p=0.000 and Mean 
difference B-C= -0.244, p=0.000; MIP: Mean difference B-A= -0.098, p=0.021 and Mean 
difference B-C= -0.085, p=0.044). This pattern was observed in both subject groups.   
Post-hoc tests for the interaction Task x Condition were also conducted.  When 
the 3 tasks were compared within each condition, significant differences were found only 
during the fatigued condition. Duty cycle during the fatigued condition of the 100ml task 
was significantly smaller from duty cycles of 5ml and solid tasks (Fatigued: Mean 
difference 100ml-5ml= -0.085, p=0.001 and Mean difference 100ml-Solid= -0.061, 
p=0.005). When the 3 conditions were compared within each of the 3 tasks, duty cycle 
during the fatigued condition was significantly larger compared to both baseline and post-
rest conditions in the case of 5ml (Fatigued: Mean difference Fatigued-Baseline = 0.096, 
p=0.01 1 and Mean difference Fatigued – Post-Rest = 0.041, p=0.011). However, no 
significant differences were found for the other two tasks.  
Pair wise comparisons of the 3 breaths within each task were also conducted. For 
all tasks, duty cycle of Breath B was significantly smaller from duty cycles of Breaths A 
and C (5ml: Mean difference B-A= -0.112, p=0.000 and Mean difference B-C= -0.141, 
p=0.000; 100ml: Mean difference B-A= -0.23, p=0.000 and Mean difference B-C= -
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0.205, p=0.000; Solid: Mean difference B-A= -0.159, p=0.000 and Mean difference B-
C= -0.147, p=0.000). When the 3 tasks were compared, significant differences were 
found only between the 5ml and 100ml tasks during Breath B (Breath B: Mean 
difference 100ml-5ml= -0.093, p=0.024). The profile plots can be seen in Figure 16. 
 
Table 13.  Descriptive Statistics for the Variable Duty Cycle 
Descriptive Statistics 




Before swallow (A) 5ml Baseline  MEP .4545 .10208 8 
MIP .4533 .06715 10 
Total .4539 .08172 18 
Fatigued  MEP .5157 .05158 8 
MIP .5450 .07518 10 
Total .5320 .06567 18 
Rest  MEP .4876 .07913 8 
MIP .5175 .07937 10 
Total .5042 .07840 18 
100ml Baseline  MEP .4861 .04798 8 
MIP .5414 .18089 10 
Total .5168 .13810 18 
Fatigued  MEP .5173 .11648 8 
MIP .5136 .07885 10 
Total .5153 .09424 18 
Rest  MEP .5376 .08585 8 
MIP .5273 .09603 10 
Total .5319 .08913 18 
Solid Baseline  MEP .5183 .09943 8 
MIP .4768 .05491 10 
Total .4953 .07822 18 
Fatigued  MEP .5330 .10853 8 
MIP .5381 .07201 10 
Total .5358 .08719 18 
Rest  MEP .5328 .08876 8 
MIP .5499 .07889 10 
Total .5423 .08133 18 
During swallow (B) 5ml Baseline  MEP .2880 .14399 8 
MIP .3407 .13436 10 
Total .3173 .13719 18 
Fatigued  MEP .3942 .14320 8 
MIP .5112 .18261 10 
Total .4592 .17227 18 
Rest  MEP .3092 .05598 8 
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MIP .4583 .15646 10 
Total .3920 .14161 18 
 100ml Baseline  MEP .1917 .09168 8 
MIP .2867 .24190 10 
Total .2445 .19183 18 
Fatigued  MEP .1525 .06541 8 
MIP .4139 .25734 10 
Total .2978 .23385 18 
Rest  MEP .1964 .06959 8 
MIP .4997 .26184 10 
Total .3649 .24969 18 
Solid Baseline  MEP .3115 .14752 8 
MIP .2868 .12039 10 
Total .2978 .12959 18 
Fatigued  MEP .2898 .09217 8 
MIP .5752 .18141 10 
Total .4484 .20548 18 
Rest  MEP .3185 .19427 8 
MIP .4100 .18763 10 
Total .3694 .19070 18 
After swallow (C) 5ml Baseline  MEP .5134 .07336 8 
MIP .4560 .07907 10 
Total .4815 .07992 18 
Fatigued  MEP .5709 .13943 8 
MIP .5459 .11762 10 
Total .5570 .12447 18 
Rest  MEP .5453 .10934 8 
MIP .5164 .09781 10 
Total .5292 .10103 18 
100ml Baseline  MEP .5018 .12403 8 
MIP .4772 .06766 10 
Total .4881 .09442 18 
Fatigued  MEP .4897 .10134 8 
MIP .4844 .07078 10 
Total .4867 .08300 18 
Rest  MEP .5136 .12787 8 
MIP .5063 .10066 10 
Total .5096 .11005 18 
Solid Baseline  MEP .5191 .12842 8 
MIP .4931 .11517 10 
Total .5047 .11828 18 
Fatigued  MEP 4679 .11611 8 
MIP .5324 .09435 10 
Total .5037 .10654 18 
Rest  MEP .5255 .11737 8 
MIP .5338 .10476 10 








Repeated Measures MANOVA-Multivariate Tests  
 
Note. **P is significant at the 0.05 level 
 
 
Table 15   
Post-hoc Results for the interaction Task by Condition 
Pairwise Comparisons of the 3 conditions by Task 
Measure:   DutyCycle   
Task (I) Condition (J) Condition 
Mean 
Difference (I-J) Std. Error Sig.b 
5ml Baseline Fatigued -.096* .028 .011 
Post-Rest -.055 .023 .085 
Fatigued Baseline .096* .028 .011 
Post-Rest .041* .012 .011 
Post-Rest Baseline .055 .023 .085 
Fatigued -.041* .012 .011 
100ml Baseline Fatigued -.014 .025 1.000 
Post-Rest -.049 .022 .110 
Fatigued Baseline .014 .025 1.000 
Post-Rest -.035 .017 .167 
Post-Rest Baseline .049 .022 .110 
Fatigued .035 .017 .167 
Solid Baseline Fatigued -.055 .026 .156 
Post-Rest -.044 .028 .392 
Fatigued Baseline .055 .026 .156 
Post-Rest .011 .017 1.000 
Post-Rest Baseline .044 .028 .392 
Fatigued -.011 .017 1.000 
Based on estimated marginal means 








Error df        F        p Partial 
Eta 
Squared 
Breath 0.229 2 15 25.3 0.000* 0.771 
Breath*SG 0.577 2 15 5.507 0.016* 0.423 
Task *Breath 0.487 4 13 3.42 0.04* 0.513 
Task*Condition 0.442 4 13 4.108 0.023 0.558 
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Results summary for RQ3 (Duty Cycle) 
 
Summarizing the results presented in this section, we can conclude that significant 
diiferences exist in the duration of inspiratory and expiratory cycles associated with 
swallowing, during several different swallowing conditions before, following respiratory 
muscle fatigue and following recovery. In particular, the breath that contained the 
swallow (breath during the swallow) had a significantly smaller duty cycle compared to 
the other two breaths (breath before the swallow and breath after the swallow). The duty 
cycle of the breath that contained the swallow was significantly smaller compared to the 
other two breaths for all three swallowing tasks. Additionally, the MIP subject group had 
a significantly larger duty cycle of the breath that contained the swallow compared to the 
MEP subject group. Finally, duty cycle during the fatigued condition of the 100ml task 
























1.4 Research Question 4 (RQ 4) 
RQ: Are there differences in the duration of the deglutitive apnea (Tap), during several 
different swallowing conditions before, following respiratory muscle fatigue and 
following recovery? 
 
A Repeated Measures MANOVA was conducted to test for differences in the 
duration of deglutitive apnea. The design was mixed with 2 within-subjects factors with 3 
levels each (Task-T (3) x Condition/Time-C (3)) and Subject Group-SG (2 levels) as a 
Between-Subjects variable. Descriptive statistics of the variable can be found in Table 16.  
All the statistics (Pillai’s Trace, Wilks’ Lamda, Hotelling’s Trace, Roy’s Largest 
Root) of the Multivariate F tests were significant at the 0.05 level for each of the 
variables Task and Task x Subject Group (Table 17). The duration of deglutitive apnea is 
significantly different between the 3 tasks (F=34.917, p=0.000). In addition, there are 
differences in the duration of swallowing apnea between the 3 tasks within the 2 subject 
groups (F=3.517, p=0.039). The variables Condition and all the remaining 2-way and 3-
way interactions were not significant. Thus, results indicated that there was no significant 
main effect of fatigue in the duration of swallowing apnea. 
Post-hoc tests with a Bonferroni adjustment were further conducted to explore the 
significant differences (Table 18). Post-hoc results for the factor Task indicated that the 
duration of apnea was longer during the 100ml task compared to each of the other two 
tasks, 5ml and solid (Mean difference of 100ml-5ml = 2.231, p=0.000 and Mean 
difference of100ml-Solid= 1.776, p=0.000). Duration was longer during the solid task 
compared to the 5ml task (Mean difference of Solid-5ml = 0.455, p=0.001). 
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Pair wise comparisons of the 3 tasks within each subject group indicated that 
duration of swallowing apnea was significantly longer during the 100ml task compared to 
5ml and solid tasks in both subject groups (MEP: Mean difference of 100ml-5ml = 1.964, 
p=0.000 and Mean difference of100ml-Solid= 1.253, p=0.009; MIP: Mean difference of 
100ml-5ml = 2.498, p=0.000 and Mean difference of100ml-Solid= 2.3, p=0.000). 
However, duration of apnea during the solid task was significantly longer from that of the 
5ml task only in the MEP group (Mean difference of Solid-5ml = 0.712, p=0.000). In the 
MIP group, although mean duration of apnea during the solid task was longer from that 
of the 5ml task, this difference was not significant (Mean difference of Solid-5ml = 
0.198, p=0.649). 
 
Results summary for RQ4 (Swallowing Apnea Duration) 
 
Summarizing the results presented in this section, we can conclude that fatigue of 
the respiratory muscles did not significantly affect duration of swallowing apnea. This 





















5ml Baseline MEP 1.3997 .66884 23 
MIP 1.6367 .69977 23 
Total 1.5182 .68735 46 
Fatigued MEP 1.1535 .53400 23 
MIP 1.2923 .49289 23 
Total 1.2229 .51294 46 
Rest MEP 1.2729 .62754 23 
MIP 1.3157 .55428 23 
Total 1.2943 .58583 46 
100ml Baseline MEP 3.5798 2.19854 23 
MIP 4.3128 2.72728 23 
Total 3.9463 2.47725 46 
Fatigued MEP 3.1424 2.25692 23 
MIP 3.6664 2.67205 23 
Total 3.4044 2.45988 46 
Rest MEP 2.9962 2.11887 23 
MIP 3.7587 2.58165 23 
Total 3.3774 2.36683 46 
Solid Baseline MEP 1.8807 1.24052 23 
MIP 1.7344 .94339 23 
 Total 1.8076 1.09221 46 
Fatigued MEP 1.8714 1.25675 23 
MIP 1.5867 .75930 23 
Total 1.7291 1.03670 46 
Rest MEP 2.2087 1.24566 23 
MIP 1.5175 .77621 23 
Total 1.8631 1.08408 46 
 
Table 17 
Repeated Measures MANOVA-Multivariate Tests  
 







Error df        F        p Partial 
Eta 
Squared 
Task 0.381 2 43 34.917 0.000* 0.619 
Task *SG 0.859 2 43 3.517 0.039* 0.141 
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Table 18  
Post-hoc Results for the interaction Task by Subject Group 
Pairwise Comparisons of the 3 tasks within Subject Group 
Measure:   ApneaDuration   
Group (I) Task (J) Task 
Mean 
Difference (I-
J) Std. Error Sig.b 
95% Confidence Interval for 
Difference
b 
Lower Bound Upper Bound 
MEP 5ml 100ml -1.964* .394 .000 -2.945 -.983 
Solid -.712* .158 .000 -1.105 -.319 
100ml 5ml 1.964* .394 .000 .983 2.945 
Solid 1.253* .398 .009 .261 2.244 
Solid 5ml .712* .158 .000 .319 1.105 
100ml -1.253* .398 .009 -2.244 -.261 
MIP 5ml 100ml -2.498* .394 .000 -3.479 -1.517 
Solid -.198 .158 .649 -.591 .195 
100ml 5ml 2.498* .394 .000 1.517 3.479 
Solid 2.300* .398 .000 1.309 3.291 
Solid 5ml .198 .158 .649 -.195 .591 
100ml -2.300* .398 .000 -3.291 -1.309 
Based on estimated marginal means 














1.5 Research Question 5 (RQ 5) 
RQ: Are there differences in secondary swallow frequency (Fss) during several different 
swallowing conditions before, following respiratory muscle fatigue and following 
recovery? 
 
A Repeated Measures MANOVA was conducted to test for differences in 
frequency of secondary swallows. The design was mixed with 2 within-subjects factors 
with 3 levels each (Task-T (3) x Condition/Time-C (3)) and Subject Group-SG (2 levels) 
as a Between-Subjects variable. Descriptive statistics of the Fss variables can be found in 
Table 19.  
All the statistics (Pillai’s Trace, Wilks’ Lamda, Hotelling’s Trace, Roy’s Largest 
Root) of the Multivariate F tests were significant at the 0.05 level for each of the 
variables Condition, Task and Task x Subject Group (Table 20). A significant main effect 
of Condition was found indicating significant differences attributed to fatigue induction 
(F=60.733, p=0.000). The secondary swallow frequency is significantly different between 
the 3 tasks (F=4.828, p=0.013). In addition, there are differences in the secondary 
swallow frequency between the 3 tasks within the 2 subject groups (F=6.12, p=0.005). 
All the remaining 2-way and 3-way interactions were not significant. Thus, results 
indicated that there was a significant main effect of fatigue in the frequency of secondary 
swallows.  
Further post-hoc analysis was conducted for the significant factors and significant 
interactions (Tables 21 and 22). Post-hoc analysis indicated that frequency of secondary 
swallows differed significantly between all 3 conditions. In particular, Fss was 
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significantly increased during the fatigued condition compared to both the baseline and 
post-rest conditions (Mean difference Fatigued-Baseline = 0.461, p=0.000 and Mean 
difference Fatigued - Post-Rest = 0.329, p=0.000). Also, Fss was significantly increased 
during the Post-Rest condition compared to Baseline (Mean difference Post-Rest – 
Baseline = 0.133, p=0.005). 
 Post-hoc analysis for the factor task, indicated that Fss was significantly different 
only between the 100ml and 5ml tasks. Fss increased when the subjects swallowed 100ml 
of thin liquid compared to the 5ml task (Mean difference 100ml-5ml = 0.171, p=0.032). 
Fss did not differ significantly between the 100ml and solid tasks and between the 5ml 
and solid tasks (Mean difference 100ml-Solid = 0.002, p=1 and Mean difference 5ml-
Solid = -0.169, p=0.08). 
 Pairwise comparisons of the 3 tasks within each subject group revealed significant 
differences in Fss only in the MEP group. Specifically, Fss was significantly increased 
during the solid task in the MEP group compared to the 5ml task (Mean difference 5ml-
Solid = -0.43, p=0.000). No other significant differences were found. The profile plots of 
the mean frequency of secondary swallows in each condition and each task for each 









Table 19.  Descriptive Statistics for the Variable Frequency of Secondary Swallows 
Descriptive Statistics 






5ml Baseline MEP .1739 .36055 23 
MIP .3768 .49548 23 
Total .2754 .44056 46 
Fatigued MEP .4928 .60193 23 
MIP .8406 .65033 23 
Total .6667 .64406 46 
Rest MEP .3623 .40092 23 
MIP .5362 .61742 23 
Total .4493 .52219 46 
100ml Baseline MEP .3478 .35503 23 
MIP .5072 .49103 23 
Total .4275 .43127 46 
Fatigued MEP .8551 .49058 23 
MIP 1.0725 .64320 23 
Total .9638 .57619 46 
Rest MEP .4928 .52097 23 
MIP .5362 .68710 23 
Total .5145 .60331 46 
Solid Baseline MEP .5362 .55722 23 
MIP .3333 .50252 23 
Total .4348 .53458 46 
Fatigued MEP 1.0435 .67648 23 
MIP .7391 .75850 23 
Total .8913 .72709 46 
Rest MEP .7391 .77822 23 
MIP .4058 .51204 23 
Total .5725 .67280 46 
 
Table 20 
Repeated Measures MANOVA-Multivariate Tests  
 







Error df        F        p Partial 
Eta 
Squared 
Condition 0.261 2 43 60.733 0.000* 0.739 
Task 0.817 2 43 4.828 0.013* 0.183 
Task *SG 0.778 2 43 6.12 0.005* 0.222 
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Table 21   
Post-hoc Results for Condition 
Pairwise Comparisons of the 3 Conditions 
Measure:   SSFrequency   
(I) 
Condition (J) Condition 
Mean 
Difference (I-
J) Std. Error Sig.b 
95% Confidence Interval for 
Difference
b 
Lower Bound Upper Bound 
Baseline Fatigued -.461* .041 .000 -.564 -.358 
Post-Rest -.133* .040 .005 -.232 -.034 
Fatigued Baseline .461* .041 .000 .358 .564 
Post-Rest .329* .049 .000 .207 .450 
Post-Rest Baseline .133* .040 .005 .034 .232 
Fatigued -.329* .049 .000 -.450 -.207 
Based on estimated marginal means 
*. The mean difference is significant at the .05 level. b. Adjustment for multiple comparisons: Bonferroni. 
 
Table 22   
Post-hoc Results for the interaction Task by Group 
Pairwise Comparisons of the 3 tasks within each subject group 
Measure:   SSFrequency   
Group (I) Task (J) Task 
Mean 
Difference (I-
J) Std. Error Sig.b 
MEP 5ml 100ml -.222 .091 .056 
Solid -.430* .104 .000 
100ml 5ml .222 .091 .056 
Solid -.208 .119 .267 
Solid 5ml .430* .104 .000 
100ml .208 .119 .267 
MIP 5ml 100ml -.121 .091 .573 
Solid .092 .104 1.000 
100ml 5ml .121 .091 .573 
Solid .213 .119 .247 
Solid 5ml -.092 .104 1.000 
100ml -.213 .119 .247 
Based on estimated marginal means 






Figure 17 – Profile plots of Mean Frequency of Secondary Swallows by Task and 
Condition for MEP Subject Group 
 
 
Figure 18 – Profile plots of Mean Frequency of Secondary Swallows by Task and 




Results summary for RQ5 (Secondary Swallow Frequency) 
 
Summarizing the results presented in this section, we can conclude that fatigue of 
the respiratory muscles significantly affects frequency of secondary swallows. 
Specifically, secondary swallows were significantly increased during the fatigued 
condition compared to the other two experimental conditions. Also, secondary swallow 
frequency was significantly increased after the 15min-rest period compared to the 
baseline condition. This was true for both subject groups across all three tasks. 
Additionally, secondary swallow frequency increased when the subjects swallowed 
100ml of thin liquid compared to the 5ml task, but no difference was found in secondary 
swallow frequency when compared to the solid task. Finally, secondary swallow 
frequency was significantly increased during the solid task compared to the 5ml task only 













2. Secondary Questions 
2.1 Secondary Question 1 (SQ 1) 
SQ: Is there a difference in a) the number of swallows and b) the number of breaths 
required to complete the task of continuous drinking of 100ml before, following 
respiratory muscle fatigue and following recovery? 
 
 All subjects were asked to drink continuously 100ml of thin liquid (water) from 
cup as one of the 3 experimental tasks. Since this task involved continuous drinking, it 
differed from the other two tasks (5ml of water and solid) in the number of swallows 
required to eat or drink the required quantity. As part of the experiment, all subjects were 
asked to swallow once the entire quantity of 5ml water or solid, however they were asked 
to drink continuously the 100ml of water. Thus, by definition, for the 5ml task and for the 
solid task, only one swallow was cued and any other swallows that may have followed 
were considered secondary. However, in the case of the 100ml task, some subjects 
swallowed the entire quantity with only one swallow, while others performed multiple 
swallows. The number of swallows and number of breaths required to complete the 
100ml task were recorded. This question is looking at any differences in the number of 
swallows and in the number of breaths required to complete the 100ml task between the 3 
experimental conditions attributed to fatigue of the respiratory muscles.  
A repeated measures ANOVA was performed for each of the two aspects of SQ1 
(number of swallows and number of breaths). The design was mixed with 1 within-
subjects factor (Condition/Time-C [3]) and Subject Group-SG (2 levels) as a Between-
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Subjects variable. Descriptive statistics of the variables are presented in Tables 23 and 
26.  
 
a) Number of 100ml swallows 
Mauchly’s test for sphericity for the variable Subject Group indicated that the 
assumption had not been violated (p=0.128).  The results showed (Table 24) a significant 
main effect of Condition (F=3.534, p=0.033) and a significant interaction effect of 
Condition by Subject Group (F= 3.522, p=0.034).  
Post-hoc analysis with a Bonferroni adjustment (Table 25) revealed that within 
the MIP subject group, the number of swallows during baseline condition was 
significantly increased compared to the other two conditions (Mean difference Baseline – 
Fatigued =  0.667, p=0.049 and Mean difference Baseline – Post-Rest = 0.986, p=0.006).  
 








Baseline MEP 5.4493 1,76843 23 
MIP 6.8261 2,44303 23 
Total 6.1377 2,22064 46 
Fatigued MEP 5.3913 1,67770 23 
MIP 6.1594 2,05202 23 
Total 5.7754 1,89353 46 
Rest MEP 5.4638 2,11951 23 
MIP 5.8406 2,27385 23 








Repeated Measures ANOVA  
 




F P Effect 
Size 
Condition 5.86 2 2.93 3.534 .033* .074 
CxSG 5.841 2 2.92 3.522 .034* .074 
Error 72.966 88 .829    
Note. *P is significant at the 0.05 level  ** Sphericity Assumed for presenting results 
 
 
Table 25   
Post-hoc Results for the Number of 100ml Swallows 
Pairwise Comparisons of the 3 conditions within each subject group 












MEP Baseline Fatigued .058 .267 1.000 
Post-Rest -.014 .302 1.000 
Fatigued Baseline -.058 .267 1.000 
Post-Rest -.072 .232 1.000 
Post-Rest Baseline .014 .302 1.000 
Fatigued .072 .232 1.000 
MIP Baseline Fatigued .667* .267 .049 
Post-Rest .986* .302 .006 
Fatigued Baseline -.667* .267 .049 
Post-Rest .319 .232 .527 
Post-Rest Baseline -.986* .302 .006 
Fatigued -.319 .232 .527 
Based on estimated marginal means 
*. The mean difference is significant at the .05 level. b. Adjustment for multiple comparisons: Bonferroni. 
 
b) Number of 100ml breaths 
A repeated-measures ANOVA was conducted to test for differences in the 
number of breaths required to complete the 100ml task. Mauchly’s test for sphericity for 
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the variable Subject Group indicated that the assumption had been violated, χ
2
(2) = 
10.165, p=0.006, therefore a repeated-measures MANOVA was conducted. The 
multivariate results did not show any significant differences, suggesting that the number 
of breaths does not differ between the 3 conditions (Table 27). 
 





Breaths Std. Deviation N 
Baseline MEP 1.6232 .70571 23 
MIP 1.7826 1.14860 23 
Total 1.7029 .94602 46 
Fatigued MEP 1.7536 .93861 23 
MIP 1.4783 .70943 23 
Total 1.6159 .83435 46 
Rest MEP 1.7826 .99802 23 
MIP 1.3333 .78496 23 
Total 1.5580 .91639 46 
 
Table 27 












Error df        F        p Partial 
Eta 
Squared 
Condition 0.973 2 43 0.596 0.556 0.027 
C x SG 0.891 2 43 2.632 0.084 0.109 
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Results summary for SQ1 (No of breaths and No of swallows during the 100ml task) 
 
Summarizing the results presented in this section, we can conclude that fatigue of 
the respiratory muscles significantly affects frequency of swallows during the 100ml task. 
Specifically, the number of swallows during the baseline condition was significantly 
increased in the MIP subject group compared to the other two conditions. However, the 






















A. Interpretation of Results and Relationship to Past Research 
Results of the present study support the hypothesis that fatigue of the respiratory 
muscles does have an effect on certain physiological measures important for deglutition.  
According to the results presented in Chapter 4, sEMG Integrals of the submental 
and infrahyoid muscle groups, change under the effects of induced fatigue in the 
respiratory muscles. In particular, sEMG Integral of the submental muscles is 
significantly increased during the fatigued condition compared to both the baseline and 
post-rest conditions in the MEP group, but no significant differences were found in the 
MIP group. On the other hand, sEMG Integral of the infrahyoid muscle group 
significantly decreased during the fatigued condition compared to each of the other two 
conditions. This pattern was observed in both subject groups and it remained the same 
even after controlling for age, height, weight, sex and exercise. So, it appears that when 
the expiratory muscles are fatigued, there is increased activity in the submental muscles 
in conjunction with decreased activity of the infrahyoid muscles, however, when the 
inspiratory muscles are fatigued, there is decreased activity of the infrahyoids with no 
change in the activity of the submental muscles. 
Previous research showed increased submental sEMG amplitude in subjects 
performing a MEP task (Wheeler, Chiara & Sapienza, 2007). Researchers attributed this 
increase in amplitude to the need to recruit the submental muscles in order to maintain a 
tight lip seal around the device and complete the MEP maneuver. In a follow-up study, 
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Wheeler-Hegland et al. (2008) compared the submental sEMG amplitude during EMST 
to those of a Mendelson maneuver and an effortful swallow. Results indicated highest 
sEMG measures for the effortful swallow, followed by the Mendelson, followed by 
EMST, but all three had significantly higher values compared to the normal swallow. The 
researchers concluded that use of the EMST device forces the submental muscles to 
increase and prolong their activity compared to a regular swallow, similarly to the 
effortful swallow and to the Mendelson maneuver. It is noted that although increased 
submental muscle activity is observed during a MEP maneuver, this task is very different 
from an actual swallowing task. Since task specificity is a very important principle of 
motor learning and exercising, it is questionable whether this increase could be 
transferred to and benefit the actual swallow, especially as part of a rehabilitative 
program. In the present study, increased submental muscle activity was noted during the 
swallowing tasks, after the subjects performed a series of MEP maneuvers in order to 
fatigue their expiratory muscles. So in this case, the question is whether this increase in 
muscle activity is the result of exercising the submental muscles earlier, when performing 
the MEP maneuvers, or whether it is the result of expiratory muscle fatigue. Both 
explanations are possible.  
In order to test for an effect of the MEP maneuver on sEMG amplitude, the 
number of maneuvers each subject performed in order to achieve fatigue was measured 
and tested statistically. The results did not indicate an effect of the number of MEP 
maneuvers on sEMG amplitude. In fact, results indicated significant effects of condition 
(baseline, fatigued, post-rest) for certain muscle groups (submentals, infrahyoids) and 
subject groups (MEP, MIP) even when the number of maneuvers was controlled. These 
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results provide support for the hypothesis of respiratory muscle fatigue effects. This 
hypothesis is further strengthened when submental sEMG amplitude changes are seen in 
conjunction with the other physiological changes that occurred (decreased sEMG Integral 
of the infrahyoids, pattern changes, and increased secondary swallow frequency during 
the fatigued state). These changes imply effects to the breathing and swallowing 
mechanisms that extend well beyond an exercising task that targets the submental 
muscles. 
In the literature, increased submental sEMG amplitudes were also found in 
dysphagic patients after a dysphagia intervention program (Crary, Carnaby, LaGorio & 
Carvajal, 2012). In particular, 9 patients participated in a 3 week treatment program, the 
McNeil Dysphagia Therapy Program, and results suggested improved swallowing as 
judged by increased sEMG amplitudes of the submental muscles along with other 
measures. The researchers suggested that all these physiological changes reflected “a 
central neuromuscular reorganization,…” (p.1177, Arch Phys Med Rehabil, Vol. 93, July 
2012). They backed up their claim with the fact that muscle hypertrophy which could 
have resulted from the exercise program and could be responsible for the increased 
amplitudes, usually requires more than the 3-week period the treatment protocol lasted. 
Of course, muscle hypertrophy is not possible in the present study with an experiment 
that was completed within the same day and its duration ranged between 1.5h to 2 hours. 
No such changes could have occurred in such a short period. The increased sEMG 
amplitude is more likely to have occurred as a result of fatigue of the expiratory muscles, 
and this also explains why they returned to baseline after the short rest period. 
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Interestingly, activity in the infrahyoid muscles, as evidenced by the decreased 
sEMG integral, decreased during the fatigued condition and approximated baseline as the 
respiratory muscles recovered. This was true in both subject groups. Fewer studies have 
examined the infrahyoid muscles compared to the submental muscles, especially with the 
use of sEMG. In one such study, Crary and Baldwin (1997) compared sEMG signals 
from 3 sites, perioral, masseter and infrahyoid, obtained from 6 brainstem stroke patients 
with dysphagia and 6 healthy controls. Results showed greater infrahyoid muscle 
amplitude in the patient group compared to the healthy controls and shorter duration. The 
authors suggested that this could be a compensatory strategy employed by the dysphagic 
subjects in order to overcome their swallowing deficiencies. According to the authors, the 
increased infrahyoid muscle activity could be an active attempt of the pharyngeal and 
laryngeal musculature to protect the airway from bolus entrance.  
In the present study, results indicated decreased activity of the infrahyoids. One 
possible explanation could be that it is a compensatory strategy employed by the subjects 
in order to protect their larynx. This decrease in activity could affect the return of larynx 
to baseline position after the swallow, since the infrahyoids actively depress the hyoid 
bone and thyroid (with the exception of the thyrohyoid muscle), thus drawing the larynx 
downward. However, this study does not provide sufficient information as to the exact 
nature of this effect. Additional data are needed in order to decide whether this decrease 
in muscle activity is the result of an attempt to delay larynx depression, thus protecting 
the airway, or perhaps a negative effect of respiratory muscle fatigue that makes the 
larynx more susceptible to aspiration. Imaging data and timing data, including data 
regarding the duration of larynx elevation would provide valuable information. However, 
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given the increased activity of the submental muscles (at least in the MEP subject group), 
which elevate the hyolaryngeal complex, it seems likely that this increased activity 
further assists with airway protection. 
 Unfortunately, there are no available data regarding the role of infrahyoids during 
the MEP and MIP maneuvers. Such data will provide essential information and will assist 
with results interpretation. They will also give an idea of possible fatigue effects on the 
infrahyoid muscles as a result of the MEP/MIP exercises, which further result in 
decreased activation of the infrahyoid muscles. Although the exact involvement of the 
infrahyoids in the MEP and MIP tasks remains under question, present results did not 
reveal an effect of the number of MEP/MIP maneuvers performed on sEMG amplitude. 
These results make the hypothesis of decreased infrahyoid muscles activity due to fatigue 
of the infrahyoids less likely and they provide support for the hypothesis of decreased 
activation as a result of respiratory muscle fatigue effects. It appears that fatigue of the 
respiratory muscles causes reorganization in the way the breathing and swallowing 
systems integrate and work. It is hypothesized that fatigue of the respiratory muscles 
reconfigures the swallowing and respiratory CPGs in favor of respiration, thus producing 
differences in swallowing. 
 Overall, results indicated that submental muscles had larger sEMG Integrals 
compared to the infrahyoids. This can be due to the anatomy of the individual muscles 
(size and motor units recruited) and the force they need to apply in order to carry out their 
tasks. There is no research to the researcher’s knowledge indicating the magnitude of 
force required by the submental muscles in order to elevate the hyolaryngeal complex 
and that required by the infrahyoids in order to depress it. It could be possible however 
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that less force is required in order for the hyolaryngeal complex to return to its baseline 
position. 
 When it comes to the different tasks, sEMG Integrals for swallowing 5ml of water 
were significantly smaller compared to both the 100ml and solid tasks. This finding is not 
surprising, since more muscle activity is required in order to swallow larger volumes and 
thicker consistencies. Previous research has also shown physiological differences induced 
by volume and texture. 
 Furthermore, results showed significant pattern differences between the 3 
different conditions. Generally, the preferred patterns observed in baseline condition 
changed during the fatigued condition and again returned to (or approximated) the 
baseline patterns in the post-rest condition. These significant pattern differences also 
depended on the subject group and the task. As explained in detail in Chapter 4 (Results), 
the preferred pattern for both subject groups during the 5ml and solid tasks was ESE, 
followed by ISE. The swallow was mainly followed by expiration and the probability of 
inspiration occurrence after the swallowing apnea period was rather small. However, this 
preferred pattern changed in the presence of fatigue.  
In the 5ml task of the MEP subject group, ESE remained the preferred pattern; 
however the probability of occurrence significantly decreased compared to baseline. The 
second most likely to occur pattern was ESI, followed by ISI. These two patterns had 
similar probabilities to occur, which were significantly increased compared to baseline. 
ISE pattern was not very likely to occur in this condition. On the other hand, in the 5ml 
task of the MIP subject group, ISI was the most likely to occur pattern, followed by ESE 
and ESI. Similarly to the MEP group, ISE was not very likely to occur. It is noted that the 
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probability of ESE was significantly decreased in the fatigued condition compared to the 
baseline condition. 
In the case of the solids during the fatigued condition, results were similar to the 
5ml tasks. However, in the MEP subject group, the probability of ESE is smaller 
compared to baseline whereas the probabilities of ESI and ISI are larger. Similarly, in the 
MIP group the probabilities of ESI and ISI are increasing during the fatigued condition, 
and the probabilities of ESE and ISE are smaller compared to baseline. Despite the minor 
differences between the two subject groups and the two tasks, a common trend is evident 
during the fatigued condition. The probability of a swallow to be followed by inspiration 
significantly increases when the subjects are fatigued compared to the baseline condition. 
This trend is generally true in the case of the 100ml task, as well. In this case, 
however, the most likely pattern in baseline condition is ESI, followed by ESE, followed 
by ISE. The probability of ISI is very small in baseline condition, but this probability 
significantly increases in the fatigued condition making ISI the most likely to occur 
pattern. The second most likely pattern for both subject groups is ESI, followed by ESE; 
however the probability of ESE is much smaller in the MIP subject group compared to 
the MEP subject group. The probability of ISE to occur in both subject groups is very 
small. Similarly, the probability of ESE is also very small in the MIP subject group, as 
mentioned earlier. 
Current findings are in accordance with previous research showing that there is a 
tendency for swallows to be followed by expiration at baseline state. This pattern has 
been described frequently in research studies in both healthy adults (Ayuse, Ayuse, 
Ishitobi, Yoshida, Nogami & Kurata, 2010; Martin, Logemann, Shaker & Dodds, 1994; 
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Martin-Harris, Brodsky, Michel, Ford, Walters & Heffner, 2005; Martin-Harris, Brodsky, 
Price, Michel & Walters, 2003; Preiksaitis & Mills, 1996; Selley, Flack, Ellis & Brooks, 
1989; Shaker, Li, Ren, Townsend, Dodds, Martin, Kern & Rynders, 1992; Smith, 
Wolkove, Colacone & Kreisman, 1989) and pediatric subjects (Kelly, Huckabee, Jones & 
Frampton, 2007).  
However this predominant pattern has been found to change under certain 
conditions in healthy subjects and in disease. Elderly subjects have been found to have a 
higher incidence of swallows followed by inhalation compared to younger subjects 
(Martin-Harris, Brodsky, Michel, Ford, Walters & Heffner, 2005; Shaker, Li, Ren, 
Townsend, Dodds, Martin, Kern & Rynders, 1992). Postural effects have been also 
linked with an increase in swallows followed by inspiration, such as mandible 
advancement (Ayuse, Ayuse, Ishitobi, Yoshida, Nogami & Kurata, 2010). In addition, 
bolus type (food consistency) and bolus presentation have an effect on the breathing-
swallowing pattern (Martin, Logemamm, Shaker & Dodds, 1994, Preiksaitis & Mill, 
1996). Continuous swallowing differs from single bolus swallowing in several ways. 
Researchers have been studying the characteristics and physiologic properties of 
continuous swallowing as opposed to single bolus swallowing, since it is believed to be a 
more natural activity and a more realistic task. Single boluses are almost exclusively 
followed by expiration as opposed to sequential swallowing (Dozier, Brodsky, Michel, 
Walters & Harris, 2006; Issa & Porostocky,1994; Martin, Logemamm, Shaker & Dodds, 
1994, Preiksaitis & Mill, 1996). This is true for both sequential liquid swallows and 
swallows of solid foods (e.g. while eating a sandwich in Preiksaitis and Mill, 1996). In 
the present study, results from the continuous liquid task at baseline were in agreement 
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with previous findings reporting a higher occurrence of swallows followed by inspiration 
during continuous swallowing. The most likely pattern was ESI which was followed by 
patterns associated with expiration after swallowing, ESE and ISE.  
Similarly, an increase in swallows occurring during inspiration have been 
reported as a result of the decreased level of consciousness (Nishino & Hiraga, 1991), 
hyperpnea (Yamamoto & Nishino, 2002), application of negative extrathoracic pressure 
(Kijima, Isono & Nishino, 2000) and added respiratory loading (Kijima, Isono & 
Nishino, 1999). This last study is of particular interest when interpreting the current 
research findings. In the present study, respiratory loading was used in order to fatigue 
the respiratory muscles. Presence of fatigue was associated with significant differences in 
the breathing-swallowing patterns. A significant increase of swallows followed by 
inspiration was found in conjunction with a decrease of swallows followed by expiration. 
This was true for both muscle groups and all three tasks. There was a tendency for 
patterns to return back to their baseline state after a 15-min rest period. Although the 
effects of respiratory muscle fatigue on breathing pattern have not been studied 
previously, the previous study by Kijima et al. (1999), suggesting a modulating effect of 
added respiratory loads on the patterns of respiration and swallowing, provides support 
for the hypothesis that respiratory muscle fatigue, as a result of respiratory loading, alters 
the timing of swallow occurrence in the respiratory cycle. It is noted that the type of 
respiratory loading is significant (Nishino 2013). In the Kijima et al. study (1999), flow-
resistive loading caused half of the swallows to have pattern ISE when ESE was the most 
common pattern in the control condition, while elastic loading resulted in predominance 
of swallows followed by inspiration. Other types of respiratory loads include threshold 
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loads and isoflow loads (ATS/ERS Statement on Respiratory Muscle Testing, 2002), but 
there are no available data in the literature in respect to swallowing for these two types of 
loads. 
The fact that two of the predominant patterns observed in the fatigued condition, 
ISI and ESI, have been associated with pathological conditions and with an increase in 
the likelihood of penetration and aspiration (Butler, Stuart, Pressman, Poage & Roche, 
2007; Gross, Atwood, Ross, Eichhorn, Olszewski & Doyle, 2007; Hadjikoutis, 
Pickersgill, Dawson & Wiles, 2000; Leslie, Drinnan, Ford & Wilson, 2002; Paydarfar, 
Gilbert, Poppel & Nassab, 1995; Selley, Flack, Ellis & Brook, 1989) is of extreme 
importance. Respiratory muscle fatigue could potentially predispose older subjects and 
patients to aspiration and swallowing disorders. Older subjects, as well as patients, could 
be at an increased risk for aspiration and dysphagia as a result of fatigue of the respiratory 
muscles. 
Another interesting finding is that fatigue of the inspiratory muscles had a more 
detrimental effect on the breathing-swallowing pattern compared to the expiratory muscle 
fatigue. Although both subject groups had a significantly higher occurrence of patterns 
ISI and ESI in the fatigued condition compared to baseline, this was more evident in the 
MIP subject group. When comparing the two subject groups, the MIP subject group had a 
higher incidence of swallows followed by inspiration (patterns ISI and ESI) during the 
fatigued condition. This trend was evident in all 3 tasks. It is noted that the two groups 
did not differ in the baseline condition.  
One possible explanation might be related to the inspiratory muscles active role 
on breathing. The inspiratory muscles contract in order for inspiration to take place, 
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however expiration is normally passive. The expiratory muscles are recruited and play an 
active role in expiration only in cases of increased muscle loads. It could therefore be 
likely that inspiratory muscles play a more active role on the coordination of breathing 
and swallowing as well, and subsequently fatigue of the respiratory muscles could affect 
the muscles and prevent them from functioning efficiently in order to coordinate 
breathing with swallowing. Indeed, more recent findings suggest that the respiration 
pause during deglutition is actually an active “breath-holding”. A relatively recent study 
by Hardemark Cedborg, Sundman, Boden et al. (2009) reported diaphragmatic activity 
during the swallowing apnea period, which they suggested might aim to ensure that lung 
volume is preserved above the functional residual capacity (FRC). This proportion of the 
tidal volume is put on reserve to be expired after the swallow has taken place and 
breathing has resumed. Researchers currently believe that coordination of breathing and 
swallowing is not the result of a mechanical event, but it is controlled centrally (Martin-
Harris et al, 2005). It has been found that this pause in breathing occurs prior to the 
closure of the glottis (Ren et al., 1993) and subsequently this mechanical event cannot be 
held responsible for breathing cessation. On the other hand, there is a correlation between 
glottic opening and the end of swallowing apnea (Martin-Harris et al, 2005). We could 
further hypothesize then, that fatigue of the inspiratory muscles might have the potential 
to change the breathing swallowing coordination centrally to a greater extent compared to 
the expiratory muscles. In this case, and given the increased ventilatory needs during the 
fatigued condition, it could also be likely that the brain gives priority to ventilation at the 
expense of deglutition. 
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A reasonable question to ask, then, is whether there is a role for the expiratory 
muscles in the coordination of respiration and deglutition since they are largely inactive 
during normal expiration. The study by Hardemark et al. (2009), in addition to the 
diaphragmatic activity mentioned earlier, also found increased abdominal muscle activity 
during the swallowing apnea, which reached peak activity when lung volume approached 
FRC (just prior to the next inspiration). It could then be that expiratory muscles are 
largely inactive during normal breathing conditions, but not during breaths with 
swallows. In support to a role for the expiratory muscles in breathing and swallowing 
coordination, there is also evidence suggesting improved swallowing functionally after 
EMST treatment programs. It remains however to be proved if this functional 
improvement of swallowing could be attributed to improved breathing and swallowing 
coordination in addition to a stronger cough and improved ability to clear the airway. 
The hypothesis that fatigue is behind the changes noted in current results is 
further strengthened by the fact that in all cases, results tend to return back to their 
baseline state after the 15-min rest period. According to the literature, in order to assume 
fatigue and satisfy the definition of muscle fatigue, it is a necessary condition to 
demonstrate that force rises after rest and subsequently the negative sequelae of fatigue 
go away (Zakynthinos & Roussos, 2005). Interestingly, however, the 15-min rest period 
did not result in full recovery, although all measures did recover for the most part. Given 
the intensity of the muscle loading, it might be possible that a longer rest period was 
necessary in order for the subjects to fully recover.  
No significant effect of fatigue on breath duration was found. The breath that 
contained the swallow (Breath B) was significantly longer compared to the breaths prior 
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and the breaths after the swallow (Breaths A and C). In addition, the breaths during the 
100ml continuous drinking task were significantly longer compared to the breaths during 
the 5ml and solid tasks. These findings are not surprising and are in accordance with 
previous literature (Martin et al., 1994; Preiksaitis & Mills, 1996; Smith et al., 1989). The 
breath that contains the swallow contains the swallowing apnea, so it is a logical finding 
that it has a longer duration. Furthermore, continuous drinking results in longer 
swallowing apneas, and subsequently, the breaths that contain these longer apneic periods 
will be longer from the breaths that contain the single bolus apneas. Given that no 
significant difference was found in this study on swallowing apnea duration between the 
three experimental conditions (baseline, fatigued, post-rest), it comes as no surprise that 
breath duration was unaffected, too. 
Similarly, no fatigue effects were found on the inspiratory to expiratory ratio (R). 
Given that breath duration did not differ significantly between the 3 conditions, this 
finding is expected. Ratio was significantly bigger for Breath C compared to Breath B, 
which can be explained by the longer duration of expiration in the breath that contains the 
swallow. 
However, in the case of duty cycle (DC=TI/Ttot), a significant interaction was 
found between Task and the 3 experimental conditions. Duty cycle in the fatigued 
condition was significantly bigger during the 5ml and solid tasks compared to the 100ml 
task. This is a logical finding, given that total breath duration is longer during the 100ml 
task, as explained above, and subsequently as total breath duration increases, duty cycle 
decreases. Also, duty cycle was bigger during the fatigued condition compared to both 
the baseline and post-rest conditions for the 5ml task. In other words the proportion of the 
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time spent in inspiration increases during the fatigued condition. This could be due to the 
increased ventilatory needs because of the loading; however, we do know from the 
literature, that when this happens, the pressure that can be sustained falls (Zakynthinos & 
Roussos, 2005). In other words, as duty cycle increases the endurance of the muscles 
decreases. Interestingly, significant results were found only for the 5ml task. It is possible 
that subjects could compensate for the increased ventilatory needs during the easier 5ml 
task, but not during the more difficult continuous drinking and solid swallowing tasks. 
The question of whether that would be different with a bigger sample arises. It is noted 
that although the actual sample size (the subjects participating in the experiment) was 
enough to detect significant results, the actual data that were used in this question might 
have not been enough. As can be seen in the descriptive statistics of the Research 
Question 3, only 18 of the total 46 subjects were used. The reason for this is because only 
the breaths during the swallows were included in the analysis of this question, however a 
large number of swallows, especially during the 100ml task occurred in the interface of 
two breaths and not within the breath, so there was no breath during the swallow that 
could be calculated and included in the analysis. 
Duty cycle was also significantly smaller in Breath B (the breath that contained 
the swallow) compared to the other two breaths. Since the total breath duration was 
bigger during Breath B, it makes sense that DC was reduced. 
Interestingly, no effect of fatigue was found on the duration of swallowing apnea. 
Apnea differed significantly between the 3 tasks, but not between the 3 experimental 
conditions.  We know from literature that apnea duration is affected by age (Martin-
Harris et al., 2005) and bolus type (Matsuo et al., 2008) but it remains controversial 
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whether bolus volume influences apnea duration (Hiss et al., 2004; Martin et al., 1994; 
Matsuo & Palmer, 2009). In this research project, a longer apnea was documented for the 
continuous drinking task of 100ml compared to the other two tasks and for the solid task 
compared to the 5ml task, a finding consistent with previous reports. It is noted that in 
this project in the case of the 100ml task, swallowing apnea duration was calculated as 
the sum of all the apneic periods required to complete the task.  Since more swallows and 
breaths were required to swallow 100ml of water, this longer duration expresses this, 
although the actual duration of the apneic period for each single swallow of water during 
the 100ml task might not differ from the other single bolus swallows. Dozier et al. (2006) 
used the term Ingestion Cycle (IC) to describe these apneic periods that contained one or 
more swallows. So the way swallowing apnea is defined, especially in the case of 
continuous drinking may account for different findings. In this project, it was often noted 
that for some subjects more than one IC was required for the 100ml task to be completed.  
Secondary swallow frequency (Fss) was influenced by respiratory muscle fatigue. 
Fss was significantly increased during the fatigued condition compared to the other two 
experimental conditions. Also, Fss was significantly larger in the post-rest condition 
compared to the baseline condition. Secondary swallows have not received much 
attention in the literature in healthy subjects since they are not considered very common 
for clearance of small boluses (Ertekin, Aydoglu & Yuceyar, 1996); however there are 
more data available about these multiple swallows per bolus in patients (Baijens et al., 
2011; Dziadziola et al., 1992; Molfenter & Steele, 2013; Terre & Mearin, 2006; Terzi et 
al., 2007). In healthy subjects, piecemeal deglutition has been reported with large 
boluses, especially liquid boluses larger than 20ml (Dziadziola et al., 1992; Ertekin, 
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Aydoglu & Yuceyar, 1996; Fanucci et al., 1997) and in the elderly (Nilson et al., 1996; 
Yoshikawa et al, 2005). It is however widely considered a strategy to clear the 
oropharyngeal mechanism from residue. Recently, Molfenter and Steele (2013) reported 
that the multiple swallows observed in their subjects were associated with residue 
clearance from the pyriform sinuses. In the present study, the frequency of secondary 
swallows increased during the fatigued condition and decreased in the post-rest condition, 
but did not reach baseline. This finding, especially when viewing it in conjunction with 
the increased incidence of swallows occurring at inspiration during the fatigued 
condition, suggests that healthy subjects may employ these multiple swallows as a 
compensatory strategy to clear residue. Unfortunately, imaging data from this study are 
not available, so we can only infer that healthy subjects may have more oropharyngeal 
residue when they are fatigued. 
Respiratory rate and its relationship to the previously mentioned variables was 
also examined.  In the current study, RR increased during the fatigued condition and 
approximated baseline after the 15-min rest period. An increase in respiratory rate often 
accompanies fatigue of the respiratory muscles. However, a significant relationship was 
found only between RR and Pattern, RR and Breath Duration, and RR and Apnea 
Duration. Specifically, a higher RR was associated with patterns ending with inspiration 
(ESI, ISI) compared to patterns ending with expiration across all 3 tasks. This is not 
surprising, given that these patterns occurred more frequently when the subjects were 
fatigued. However, this combination of RR with patterns ending with inspiration raises 
concerns for swallow safety. In fact, when RR is high patients are more likely to aspirate. 
Of course, the RR increase in the healthy subjects of the current study was not high 
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enough to pose significant dangers, but it is something to bear in mind in the case of sick 
patients. In a previous study by Shaker et al. (1992), a higher tachypnea was associated 
with an increase in swallows followed with expiration, a finding that is contrasted with 
the current study. However, the methodology of that study was different. In the present 
study, the subjects were under the effects of fatigue and the increase in the occurrence of 
patterns ESI and ISI were the result of this. On the other hand, in the Shaker et al. (1992) 
study, the protocol aimed at increasing respiratory rate and not at inducing fatigue to the 
respiratory muscles. It is possible therefore that the respiratory muscles of the subjects 
were not fatigued. It is noted that although respiratory muscle fatigue is often 
accompanied by an increase in RR, tachypnea is not a specific marker of fatigue 
(ATS/ERS Statement on respiratory muscle testing, 2002; Zakynthinos & Roussos, 
2005). 
Increased RR was also associated with a decrease in breath duration and a 
decrease in apnea duration. These findings are logical. A decrease in breath duration has 
been documented in literature when RR increases. Also, since the total breath duration 
decreases, it makes sense that apnea duration will be shorter, too. 
Perceived Breathing Effort, as measured by the Borg Scale, was also included in 
the study design. Condition was significant, with subjects reporting higher breathing 
effort in the fatigued condition compared to the other two conditions. This is a logical 
finding. An increase in respiratory muscle loading is expected to result in higher effort. 
However, no significant relationship was found between Perceived Breathing Effort and 
mouth pressure, measured by either PEmax or PImax. Again, this is not a surprising 
finding. Although most subjects reported a higher score in Borg Scale, overall the 
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reported scores were low. Almost all subjects judged the tasks and the experiment as 
comfortable, even during the fatigued condition. 
The relationship between demographical variables and the variables of interest 
was also examined. Overall, demographical variables did not appear to be related to most 
of the study variables. An exception was exercise, for which a significant interaction was 
found between Pattern for specific tasks. It will be interesting to further look at possible 
differences in breathing patterns between subjects that exercise and subjects that do not 
exercise in the future. Although not clear, a relationship between the variables age, sex, 
and BMI was more suggestive in the case of the respiratory parameters (breath duration, 
DC, apnea duration). This is not surprising. It is well established that respiratory 
measures are affected by such demographic variables, like age, sex and body size. 
Overall, age did not appear to play a significant role, which is an expected finding since 














Respiration, besides its primary purpose to preserve life, is also essential for 
swallowing and speech, functions important for maintaining life and for communication 
respectively. Both functions are closely linked to a person’s quality of life. Current 
findings provide evidence for a relationship between fatigue of the respiratory muscles 
and certain parameters associated with swallowing physiology. The knowledge gained 
from this research contributes to the understanding of the respiratory-swallowing 
interactions.  
  Many speech and swallowing problems, as discussed in previous chapters, have 
been attributed to weak respiratory muscle strength and respiratory muscle fatigue. 
Although it has long been speculated that respiratory system fatigue affects speech and 
deglutition, especially in the patient population, the direct effects of respiratory muscle 
fatigue on these functions have not been studied. In addition, previous studies have 
focused on the patient population, however an inherent problem in those studies is the 
difficulty to dissociate between the respiratory muscle fatigue effects and the effects from 
the various concomitant medical issues associated with the disease. This study is the first 
one that attempts to isolate the mechanism of respiratory muscle fatigue and study its 
effects, and thus, to understand the process of how respiratory muscle fatigue affects at 
first, a normal system and in the future, a system in the presence of disease. This 
knowledge is essential for improving speech and swallowing therapeutic strategies and 
patients’ quality of life. 
Current results suggest that fatigue of the respiratory muscles, both inspiratory 
and expiratory, has the potential to induce changes in the swallowing mechanism. These 
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changes make swallowing less efficient and can potentially pose a risk to swallow safety. 
Subjects of the current study changed their respiratory pattern during swallowing in the 
fatigued condition. In particular, more swallows were followed by inspiration, a pattern 
that increases the risk for aspiration. Healthy subjects are able to compensate and protect 
their airways. One such mechanism appears to be related to the biomechanical events 
during the pharyngeal stage of the swallowing. In particular, an increase in the submental 
muscle activity and a decrease in the infrahyoid muscle activity were noted. This is 
hypothesized to be a compensatory mechanism employed by healthy subjects to protect 
their airway. Another such compensatory mechanism observed in the current study 
involved increasing the frequency of secondary swallows. Subjects had more secondary 
swallows per bolus during the fatigued condition, which is possibly an active effort to 
clear the swallowing system from residue. 
At this point it is rational to think that patients presenting with fatigue of their 
respiratory muscles might not be able to compensate for these physiological differences 
induced by swallowing, thus being at an increased risk for aspiration. Same might be true 
for older healthy subjects. Knowledge gained from the current research study will 









C. Theoretical Implications 
 It is important at this stage to pinpoint a few theoretical implications that can be 
drawn from the current research findings. The major implication is related to the answer 
to the initial theoretical question. The main goal of the current study was to examine the 
relationship between respiratory muscle fatigue, breathing and swallowing, and the 
effects, if any, of respiratory muscle fatigue on swallowing physiology. Results do 
suggest an effect of fatigue on certain measures of swallowing physiology in healthy 
young adults. In particular, sEMG Integral of the submental and infrahyoid muscle 
groups, breathing-swallowing coordination, duty cycle and the frequency of secondary 
swallows are altered in the presence of fatigue and return to baseline after a 15-min rest 
period. These differences were noted in healthy young adults in each of the two subject 
groups, MEP and MIP. In fact, this is the first study to show specific respiratory muscle 
fatigue effects on swallowing in healthy young adults. The fact that these findings are 
irrespective of disease and were induced in healthy young adults by fatiguing their 
muscles, in conjunction with the observation that results approximated baseline after a 
rest period, further strengthens the notion that fatigue is responsible for the observed 
differences. 
Respiratory  muscle fatigue has been associated in the past with swallowing 
problems that were present in patients with diseases like Parkinson’s, COPD, MS, 
however a clear causal relationship was not supported in the literature. This is the first 
study to provide evidence for this. Furthermore, although, sufficient data supporting the 
hypothesis of respiratory muscle fatigue leading to swallowing disorders were lacking, 
treatment programs targeting the expiratory muscles, like EMST developed by Sapienza, 
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were developed to address this issue. Although the treatment program results were 
promising, literature providing the theoretical rationale for these programs was a 
necessity.  The current study is the first to provide direct evidence and a rationale for 
these programs. 
 Current research findings also provide support for the hypothesis that breathing 
and swallowing coordination are controlled centrally and are not merely mechanical 
events. Results provide some evidence for a central mechanism that controls and 
coordinates respiration with deglutition. It is possible that fatigue of the respiratory 
muscles signals the brain to change some aspects pertinent to breathing and swallowing 
coordination. 
 Swallowing is a complex motor activity. More than 30 pairs of muscles need to 
act and coordinate for a safe swallow to happen. In typical discussions of muscles 
involved in swallowing, the discussion is largely focused on muscles of the oropharynx 
and larynx. However, recent data suggest there might be a role for respiratory muscles, 
too. For example, diaphragmatic activity was recorded during the swallowing apnea 
period and abdominal muscles were active during the post-swallow respiratory pause 
expiratory phase (Hardemark et al., 2009).  Results of the Hardermark et al. study suggest 
an active role of respiratory muscles during deglutition. The present study provides 







D. Clinical Implications 
 Current research findings have some implications for clinical practice, too. They 
provide the theoretical background and direct support for providing patients with weak 
respiratory muscles and swallowing problems treatment programs aiming at 
strengthening the respiratory muscles. Given that fatigue of respiratory muscles has the 
potential to alter critical breathing-swallowing parameters, it is logical to target these 
muscles and aim to improve strength and endurance properties. 
 On the other hand, the present results pinpoint the need to reconsider the current 
treatment programs and the targeted muscles. Speech-language pathologists have solely 
focused on expiratory muscle training. However, current results suggest that fatigue of 
the inspiratory muscles has a more detrimental effect on swallowing. This finding 
warrants further investigation of the potential benefits of treatment programs targeting 
either the inspiratory or expiratory muscles. The rationale for expiratory muscle strength 
training is primarily based on the role expiratory muscles play during clearance of 
penetrated/aspirated material in the airway, as in the case of cough. However, the first 
step for a successful cough has an inspiratory component. It is possible then that 
exercising the inspiratory muscles might have a beneficial effect on cough reflex and 
airway clearance. Although there is research suggesting positive outcomes on speech and 
swallowing after expiratory muscle strength training, to this date, there is no research 
available that looked at the effects inspiratory muscle strengthening programs have on 
speech and swallowing. In other disciplines however, such as respiratory physiologists, 
physicians and physiotherapists, inspiratory muscle training has been used to a larger 
extent. There are also data available suggesting that inspiratory muscle training leads to 
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an improvement of dyspnea perception, exercise tolerance and quality of life, while 
expiratory muscle training assists with improvements in exercise performance, but 
combined inspiratory and expiratory muscle training does not appear to have additional 
benefits (Weiner & McConell, 2005). The extent to which these principles apply to 
speech and swallowing remains to be explored. 
 Current data also suggest that patients prone to respiratory muscle fatigue are at 
an increased risk for aspiration and swallowing disorders, especially those with 
inspiratory muscle fatigue. This might also be true for older subjects. Close monitoring of 
these patients is warranted to ensure that possible swallowing problems will be identified 

















The present study, like every study, has some methodological limitations. First of 
all, it does not provide imaging data and temporal data regarding specific muscle 
activation, hyoid bone movement and laryngeal elevation with respect to the respiratory 
mechanics, data that would be extremely helpful in interpreting the results. Additionally, 
imaging data of the oropharyngeal region would have allowed to verify presence of post-
swallow residue, which could explain the increase in secondary swallow frequency 
observed in the present study. Furthermore, the current study can not rule out possible 
contributions of the genioglossus muscle in the submental sEMG Integral. Since surface 
electromyography lacks muscle specificity, and since muscle activity recorded from the 
genioglossus can affect the recorded sEMG signal from the submental region, it is likely 
that the differences observed in submental sEMG Integral are not solely attributed to the 
suprahyoid muscle activation but to activation of the genioglossus, too. In fact, the role of 
the genioglossus as a upper airway dilator has been well-established and it is known that 
its activation can be affected by respiratory parameters. 
Furthermore, the current study did not examine possible effects of lung volumes 
during the different experimental conditions. It is known that lung volumes are related to 
swallowing physiology and that lung volumes are affected when the respiratory muscles 
fatigue. It will be interesting to see if the lung volume changes induced by respiratory 
muscle fatigue will affect swallowing. 
Additionally, small sample size in the third research question might have affected 
the results. As mentioned previously, although the actual sample size (the subjects 
participating in the experiment) was enough to detect significant results, the actual data 
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that were used in this question might have not been enough. As can be seen in the 
descriptive statistics of the Research Question 3, only 18 of the total 46 subjects were 
used. The reason for this is because only the breaths during the swallows were included 
in the analysis of this question, however a large number of swallows, especially during 
the 100ml task occurred in the interface of two breaths and not within the breath, so there 
was no breath during the swallow that could be calculated and included in the analysis.  
Finally, caution should be taken in the interpretation of the inter-rater reliability 
results. Although inter-rater reliability has been excellent, the second rater had been 
trained by the first rater, and that might have influenced results. Ideally, a non-trained 
rater with experience on the subject area comparable to the first rater’s experience should 
have been used. However, no such person was readily available, and the researcher 














G. Future Directions 
 Current data indicated that fatigue is capable of altering breathing and swallowing 
coordination in young, healthy adults. Future studies should also focus on the effects 
fatigue has in the elderly. Both the pulmonary systems and deglutition change with 
advanced age, and it is therefore likely these older individuals to be more affected 
compared to young individuals. 
 Furthermore, it is necessary to study specific respiratory measures and their 
relationship to swallowing in specific patient populations that present with respiratory 
muscle fatigue, such as patients with COPD, spinal cord injury, stroke, motor neuron 
disease, myopathies and other neuropathic diseases affecting the respiratory function. 
Although such diseases have been studied in the past, respiratory measures like mouth or 
sniff pressures, lung volumes, tidal volume, duty cycle, respiratory muscle activity, 
hypoxemia or hypercapnia have rarely been included as variables in studies looking at 
swallowing problems. 
 Additionally, the relationship of lung volume to the other variables studied in the 
present study warrants further investigation. Lung volume was not measured in this 
study, there is however evidence from previous studies that it might be a very important 
parameter in the breathing-swallowing coordination mechanism. 
 Furthermore, imaging of the oropharyngeal mechanism and the respiratory 
muscles in a similar experiment will provide valuable information about the movements 
of oropharyngeal and respiratory structures, the timing of critical swallowing-related 
events, possible penetration or aspiration during the fatigued condition, the presence of 
residue in the oropharyngeal structures and the coordination of respiratory muscle 
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activity with other critical events during swallowing. Imaging and electrophysiological 
measures of the respiratory muscle activity during swallowing, such as EMG, will 
provide important insight about their role during swallowing. 
 Also, future studies should look at brain function during swallowing of subjects 
with fatigued and non-fatigued respiratory muscles. This will enable us to check whether 
fatigue of respiratory muscles has the potential to centrally change breathing and 
swallowing coordination and swallowing mechanics. Currently, there is research 
indicating differences in brain function in patients with COPD. 
 Finally, the therapeutic capabilities of inspiratory muscle training, expiratory 
muscle training or a combination of the two, needs to be further examined. Currently, 
there is limited information regarding inspiratory muscle training and swallowing, but 
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